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Abstract      

Wildfires are currently one of the most important environmental problems, as they cause disturbance in ecosystems generating en-
vironmental, economic and social costs. The Sentinel-2 from Copernicus Program (Sentinel satellites) offers a great tool for post-fire 
monitoring. The main objective of this study is to evaluate the potential of Sentinel-2 in a peculiar mountainous landscape by mea-
suring and identifying the burned areas and monitor the short-term response of the vegetation in different ‘burn severity’ classes. 
A Sentinel-2 dataset was created, and pre-processing operations were performed. Relativized Burn Ratio (RBR) was calculated to 
identify ‘burn scar’ and discriminate the ‘burn severity’ classes. A two-year monitoring was carried out with areas identified based on 
different severity classes, using Normalized Difference Vegetation Index (NDVI) to investigate the short-term vegetation dynamics of 
the burned habitats; habitats refer to Annex I of the European Directive 92/43/EEC. The study area is located in ‘Campo Imperatore’ 
within the Gran Sasso – Monti della Laga National Park (central Italy). The first important result was the identification and quan-
tification of the area affected by fire. The RBR allowed us to identify even the less damaged habitats with high accuracy. The survey 
highlighted the importance of these Open-source tools for qualitative and quantitative evaluation of fires and the short-term assess-
ment of vegetation recovery dynamics. The information gathered by this type of monitoring can be used by decision-makers both for 
emergency management and for possible environmental restoration of the burned areas.
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Introduction

Wildfires are currently one of the most important environ-
mental problems as they cause disturbances in ecosystems 
generating environmental, economic and social costs (Vi-
ana-Soto et al. 2017). In recent years, Geographic Informa-
tion System (GIS) techniques are more and more used for 
biodiversity conservation and human impact issues (Domi-
ny and Duncan 2002; Foody 2008; Iannella et al. 2016, 
2019a; D'Alessandro et al. 2018; Di Musciano et al. 2020), 
and revealed interesting results especially when coupled 
with ecological modelling (Santos et al. 2006; Iannella et al. 
2018; Cerasoli et al. 2019; Iannella et al. 2019b; Lepcha et al. 
2019) and remote sensing applications (Kerr and Ostrovsky 
2003; Pettorelli et al. 2014, 2016; Wang and Gamon 2019).

Remote sensing has been used to monitor active fires 
and burned areas at the global and national scale (Giglio 
et al. 1999; Alonso-Canas and Chuvieco 2015; de Car-
valho Júnior et al. 2015). Sensors like Advanced Very 
High-Resolution Radiometer (AVHRR), Moderate Res-
olution Imaging Spectroradiometer (MODIS), and Me-
dium Resolution Imaging Spectrometer (MERIS) with 
spatial resolutions between 300 m and 1 km are generally 
used for these purposes (Mouillot et al. 2014). 

Their daily revisit cycle is useful to capture active fire 
signatures or burn scars, however, the relatively coarse 
spatial resolution causes underestimations in case of 
burned area small extent. Comparisons between differ-
ent burned area products generally show high variation 
in results (Padilla et al. 2015). A higher resolution of 
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open source satellite image might strongly increase the 
estimation accuracy of burned area and the associated 
severity classes.

Satellite remote sensing (SRS) is ideal for monitor-
ing burned areas, especially for large and remote places. 
Among the available satellites, the Copernicus Program 
(Sentinel satellites) offers a great tool for post-fire mon-
itoring, both for the great spatial and temporal resolu-
tion, and for the accessibility of the data completely open 
source (Malenovský et al. 2012).

For burned areas detecting, optical satellite data from 
Multi Spectral Instrument (MSI) on Sentinel-2 (S2), start-
ing from 2015, have a potential five-day temporal reso-
lution (when the two satellites are operational) and have 
a spatial resolution of 10 m. S2 carries a multispectral 
sensor with 13 bands, from 0.443 to 2.190 μm. The visible 
RGB and the NIR bands are available at a 10 m spatial 
resolution, highly suitable for application in vegetation 
canopies. Four red-edge bands at 20 m spatial resolution 
are also available and are particularly suited for chloro-
phyll content analysis and to parametrize ecophysiologi-
cal largescale models (Puletti et al. 2017). These features 
make S2 suitable for evaluating the unique fire events on 
the Apennines due to the relatively small extension of the 
burned areas or their configuration.

In the European context, the year 2017 was a record 
season for fires, especially in Italy for the amounts of hect-
ares burned (Battipaglia et al. 2017; Frate et al. 2018). In 
summer 2017, the Abruzzo region (Italy) was strongly af-
fected by fires, even of considerable size. 

Fire is a frequent disturbance and a dominant fac-
tor in the evolution and ecology of Mediterranean areas 
(Schaffhauser et al. 2012; Tessler et al. 2015). For this rea-
son, Mediterranean-type ecosystems are generally resil-
ient to forest fire, mainly owing to the high proportion of 
plant species adapted to fires (Naveh et al. 1990). Post-fire 
plant species composition tends to revert to pre-fire com-
position through auto-succession or direct regeneration 
(Hanes 1971).

Nevertheless, these fires affected in some cases mon-
tane and subalpine regions where the plant communi-
ties are not adapted to this phenomenon, leading to net 
changes in the affected natural communities (Harvey et 
al. 2016). Moreover, montane species and ecosystems are 
also threatened by climate change (Brunetti et al. 2019). 
These communities are extremely important for the eco-
system services they provide and are characterized by a 
great heterogeneity of species showing different function-
al traits (Di Musciano et al. 2018). 

In this paper we use the S2 satellite imagery, whose data 
can be freely downloaded from the Open Access Hub of the 
European Space Agency (ESA) for burned area monitoring 
purposes, as well as for searching approaches to study the 
effects of fire on vegetation (Verhegghen et al. 2016). 

The aims of this study are i) to evaluate the potential of 
S2 to detect and quantify the burn scars and ii) to moni-
tor the short-term vegetation dynamics in different ‘burn 
severity’ classes. 

This approach was tested in the southern sector of the 
Gran Sasso massif (Abruzzo, central Italy) where wildfire 
events recently occurred. Moreover, to assess the short-
term dynamics of vegetation recovery in the different 
habitat types (with reference to the Annex I of the Euro-
pean Directive 92/43/EEC; European Commission 2013) 
of montane and subalpine ecosystems, vegetation moni-
toring through S2 satellites was carried out. Furthermore, 
this study also investigated the response of Annex I hab-
itat types to fire, a topic poorly present in the literature.

Materials and methods 
Study areas

The study area is ‘Fonte della Vetica’ (Centroid coor-
dinates: 42°24'56.44"N; 13°45'30.07"E), in the ‘Campo 
Imperatore’ upland plain falling within the Gran Sasso 
– Monti della Laga National Park in central Italy (Figure 
1). The research focused on the habitats of the Annex I of 
the European "Habitats" Directive (92/43/EEC and subse-
quent amendments; http://vnr.unipg.it/habitat/). 

The study area was chosen for the importance of its flo-
ristic (Conti and Bartolucci 2016) and vegetational (Biondi 
et al. 1999) biodiversity. Furthermore, the area falls within 
a Special Protection Area (SPA) (Birds Directive, 79/409/
EEC and further updates) and in a Site of Community In-
terest (SCI) (Habitat Directive, 92/43/EEC). It is one of the 
largest upland plains in Italy, the largest in the Italian Apen-
nines (Gratani et al. 1999), immediately next to the ‘Corno 
Grande’ peak, the highest in the Apennines (2912 m a.s.l.).

An accidental fire triggered by anthropogenic causes, 
which occurred between 5 and 9 August 2017, has devas-
tated several important plant communities and left huge 
burned areas which represent the object of the present study.

Dataset and pre-processing

We analysed six images from S2 satellite (Spatial resolu-
tion: 10 m, Radiometric resolution: 12 bit) acquired by 
ESA's Open Access (https://scihub.copernicus.eu), with a 
time interval between July ÷ October 2017 and 2018, list-
ed in the Appendix: Table A1. 

In order to build the dataset, the aforementioned Level 1C 
(TOA – Top of Atmosphere reflectance) images were cho-
sen based on the low cloud cover percentage and pre-pro-
cessed for atmospheric correction (Szantoi and Strobl 2019) 
with the Sen2Cor (Louis et al. 2016) plugin (SNAP software 
– Sentinel-2 Toolbox) provided by ESA. Following the at-
mospheric correction, we obtained the Level 2A (BOA 
– Bottom of Atmosphere reflectance) that is more useful 
than TOA reflectance when trying to detect a process on 
the surface such as a fire event, because the atmospheric ef-
fects caused by the event itself are reduced (Zhuravleva et al. 
2017). Subsequently, a water-cloud mask was created by cal-
culating the Normalized Difference Water Index (NDWI) 
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(McFeeters 1996) and applied to the multispectral indices 
(Relativized Burn Ratio – RBR and Normalized Difference 
Vegetation Index – NDVI) to correct possible biases caused 
by phenomena not directly related to fire’s effects.

Detection of burned areas

The detection of burned areas was carried out by Relativ-
ized Burn Ratio index (RBR) (Parks et al. 2014), which al-
lows the discrimination of the burned surface by severity 
classes (Moderate-Low, Moderate-High and High severi-
ty) on the basis of multitemporal raster (Spatial resolution: 
10 m) of the pre- and post-fire situation, through a specific 
discrete class threshold proposed by the United States Ge-
ological Survey (Key and Benson 2006) (Figure 2).

The RBR was chosen because of its reliability in situ-
ations where the pre-combustion biomass is low or very 
variable and heterogeneous (Morgan et al. 2014).

The RBR is a relativized version of the Delta Normal-
ized Burn Ratio (dNBR: NBRprefire – NBRpostfire) (Key 
and Benson 2006). Fire-affected areas have relatively low 
near-infrared reflectance (NIR) and high reflectance in 
the short-wave infrared band (SWIR). A high NBR value 
generally indicates healthy vegetation; on the contrary 
a low value indicates bare soil and recently burned ar-
eas (Prodan and Racetin 2019). To evaluate the accura-
cy of the RBR, considering that the index was assessed 
through ground field surveys and Visible Infrared Im-
aging Radiometer Suite (VIIRS, spatial resolution = 375 
m) provided by the Fire Information for Resource Man-
agement System (FIRMS) (Davies et al. 2008), we further 
verified its accuracy by performing a random forest (RF) 

classification using the RStoolbox (Leutner et al. 2017) 
package in R environment. The ‘superClass’ function 
was used for the classification process, by keeping 80% 
of the data for training the model and the remaining 20% 
for validation; further, the Overall accuracy and Kappa 
statistics (Congalton and Green 2019) were obtained 
through the same function. 

Vegetation monitoring

After the identification of the study area, rasters were ma-
nipulated in GIS (QGIS 3.4.5, QGIS Development Team 
2016) and R (RStudio) (R Core Team 2016) environments 
to calculate the NDVI (Rouse 1974; Cherki and Gmira 
2013; Addabbo et al. 2016; Viana-Soto et al. 2017). The 
NDVI is estimated as the normalized difference between 
the near infrared (NIR) and visible red (RED) bands, which 
discriminate vegetation from other surfaces based on the 
chlorophyll absorption of the green vegetation of the red 
light for the photosynthesis and reflection of NIR wave-
lengths (Tucker 1978). The index was calculated within 
three-time intervals: pre-fire, immediately after the event 
and two months later. Furthermore, the NDVI was calcu-
lated in a period of two years (2017 and 2018) to compare 
the different situations into the burned areas, considering 
the vegetation seasonality (e.g. August 2017 vs August 
2018, etc.). The resulting rasters were further clipped based 
on the area identified by RBR and intersected with the land 
cover map ‘Map of Nature of Parco Nazionale Gran Sasso 
and Monti della Laga’ (Bagnaia et al. 2015) (Figure 3).

The NDVI was discretized into 10 classes with values 
ranging from 0 (0.0 to 0.1) to 10 (0.9 to 1.0), with 10 rep-

Figure 1. Map of the study area. Burned scar framed through Planet Scope image of 10 August 2017. Fire area perimeters are marked 
in red.
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resenting the highest photosynthetic activity (Klisch and 
Atzberger 2016).

Resulting NDVI raster maps were processed through 
zonal statistics for each type of Annex I habitats affected 
within each severity class of the RBR (Graser 2016). The 
seasonality among the years 2017 and 2018 was not con-
sidered because of the summer dry period in the study 
area. Indeed, even considering the wettest season, usually 
the grasslands became dry at the beginning of July, while 
for the other vegetation types we could assume that they 
are not strongly affected by seasonality. 

To make the analysis comparable with an undisturbed 
situation, we built a 500 m buffer around the burned area. 
The control area ("Unburned control area") was defined 
based on the presence of the same Annex I habitats identi-
fied in the burned area. Furthermore, the buffer was built 
based on the occurrence of similar topographical con-
ditions. The approach used in this study is shown in the 
workflow in Figure 4.

Result
Detection of burned area 

The area affected by the fire was identified by the Relativ-
ized Burn Ratio index. The RF model used to validate the 
RBR index showed a high degree of classification accuracy 
with an Overall accuracy of 83% and a Kappa of 77% (Ap-
pendix: Table A2). The total area affected by the 2017 fire 
results in 311.3 hectares. The vegetation types affected by 
fire can be referred to the followed Annex I habitats: "Alpine 
rivers and the herbaceous vegetation along their banks" 
(3220), "Alpine and boreal heaths" (4060), "Alpine and 
subalpine calcareous grasslands" (6170), "Semi-natural dry 
grasslands and scrubland facies on calcareous substrates" 
(6210*), "Species-rich Nardus grasslands, on siliceous sub-
strates in mountain areas" (6230*), "Hydrophilous tall herb 
fringe communities of plains and of the montane to alpine 
levels" (6430), "Calcareous rocky slopes with chasmophyt-
ic vegetation" (8210), "Apennine beech forests with Taxus 
and Ilex" (9210*), as well as several hectares of coniferous 
stands (Table 1). The pre- and post-fire imagery provided 
rapid, qualitative and quantitative indications of the areas 
affected by fire. For each habitat within each ‘burn severity’ 
class the NDVI zonal statistics are reported (Table 2).

The habitats more threatened by the wildfire resulted to 
be the grasslands at low altitude (⁓1,500 meters) covering 
45.2% of the total area, the shrublands at medium altitude 
(⁓1,600 meters, 25.08%), the grasslands at high altitude 
(>1,700 meters, 18.78%), the coniferous stands (6.76%) 
and the beech forests (2.62%).

Vegetation monitoring

A strong trend resulted from the multi-temporal analysis 
of NDVI, above all in the grasslands vegetation.

Figure 2. Relativized Burn Ratio (RBR) for the study area. The 
index has been discretized in three ‘burn severity’ classes (Mod-
erate-Low, Moderate-High and High severity). The validation 
points (VIIRS) are marked in yellow, while the point where the 
2017 fire was triggered is indicated with green star.

Figure 3. Annex I Habitats burned by the fire of 2017 in the study 
area. The numerical codes refer to the nomenclature used to identify 
the Annex I habitats (http://vnr.unipg.it/habitat/, see also Table 1).

http://vnr.unipg.it/habitat/
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Table 1. EU Annex I codes of the habitat types present in the study area, with relative description (with asterisk the priority habitats; 
European Commission 2013.

HABITAT CODE DESCRIPTION 

3220 Alpine rivers and the herbaceous vegetation along their banks

4060 Alpine and Boreal heaths

6170 Alpine and subalpine calcareous grasslands

6210* Semi-natural dry grasslands and scrubland facies on calcareous substrates (Festuco-Brometalia) (*important orchid sites)

6230* Species-rich Nardus grasslands, on siliceous substrates in mountain areas and submountain areas, in Continental Europe

6430 Hydrophilous tall herb fringe communities of plains and of the montane to alpine levels

8210 Calcareous rocky slopes with chasmophytic vegetation

9210* Apennine beech forests with Taxus and Ilex

Figure 4. Simplified workflow. Scheme of the procedure for the identification and monitoring of the areas burned by S2 data.

The month of July 2017 (pre-fire) was taken as refer-
ence for a ‘no disturbed area’. The NDVI values resulted 
in an average of 6.65 for the grasslands (habitats 6170, 
6210* and 6230*), 7.75 for the forests (habitat 9210* 
and Coniferous stands), and 6.35 for the shrublands 
(habitat 4060). 

In the months following the fire event, the NDVI val-
ues were in clear decline, especially immediately after 
the event (August 2017), showing average values of 3.50 
for the grasslands, 4.23 for the forests, and 2.88 for the 
shrublands.

Interestingly, in October 2017, only two months af-
ter the event, an increase in NDVI values was observed. 
In particular, the grasslands showed high average values 
(NDVI = 5.10), unlike the shrubland and forest habitats.

The monitoring for the year 2018 showed other inter-
esting values. In particular, the grasslands at low and high 
elevation (habitats 6170*, 6210*, 6230*, 6430) revealed an 
average value of NDVI = 7.27 for the month of July, and ~ 
6.50 for the months of August and October. 

In the same year, the forest habitat and the conifer 
stands also showed increasing values. All these trends are 
shown in Figure 5 and in Table 2.

The NDVI values (Table 2) within the three ‘burn se-
verity’ classes show a very similar trend in the Moder-
ate-Low and Moderate-High severity classes, that occupy 
respectively 42.24% and 51.03% of the total area. Instead, 
the High severity class (6.72% of the total burn scar) re-
veals a more resilient response to the extreme event with 
values that rise more rapidly towards stability. The com-
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Table 2. Zonal statistics for each Annex I habitat affected by fire within each severity class of the RBR (Relativized Burn Ratio). The 
NDVI values was discretized into 10 classes with values ranging from 0 (0.0 to 0.1) to 10 (0.9 to 1), with 10 representing the highest 
photosynthetic activity. The numerical codes of the habitats correspond to: Alpine rivers and the herbaceous vegetation along their 
banks (3220), Alpine and Boreal heaths (4060), Alpine and subalpine calcareous grasslands (6170), Semi-natural dry grasslands and 
scrubland facies on calcareous substrates (Festuco-Brometalia) (*important orchid sites) (6210*), Species-rich Nardus grasslands, 
on siliceous substrates in mountain areas and submountain areas, in Continental Europe (6230*), Hydrophilous tall herb fringe 
commu-nities of plains and of the montane to alpine levels (6430), Calcareous rocky slopes with chasmophytic vegetation (8210), 
Apennine beech forests with Taxus and Ilex (9210*).

NDVI AVERAGE VALUES WITHIN HABITAT NATURA 2000

JU
LY

 2017

BURN SEVERITY CLASS 
(RBR)

3220 4060 6170 6210 6230 6430 8210 9210 Coniferous 
stands

Total

Moderate-low severity [1] 5.20 5.95 6.98 5.32 7.82 5.06 4.97 8.27 7.16 6.42
Moderate-high severity [2] 5.00 6.54 6.90 5.16 7.44 5.29 6.09 7.89 7.42 6.57
High severity [3] 7.32 7.39 6.06 7.50 6.67 8.00 8.86 7.40
Total Burned 5.19 6.35 7.01 5.26 7.67 5.12 5.39 8.16 7.33 6.55
Total Unburned (buffer 500m) 4.00 5.30 6.61 5.23 7.06 5.10 4.38 7.90 7.56 6.17

NDVI AVERAGE VALUES WITHIN HABITAT NATURA 2000

AU
G

U
ST 2017

BURN SEVERITY CLASS 
(RBR)

3220 4060 6170 6210 6230 6430 8210 9210 Coniferous 
stands

Total

Moderate-low severity [1] 3.38 3.38 4.16 3.42 4.27 3.40 2.85 4.66 4.62 3.87
Moderate-high severity [2] 3.00 2.64 3.07 3.24 3.23 3.18 2.40 3.56 3.56 3.05
High severity [3] 1.75 2.09 1.69 2.00 1.50 1.50 3.21 2.00
Total Burned 3.33 2.88 3.40 3.32 3.77 3.32 2.69 4.31 4.15 3.39
Total Unburned (buffer 500m) 3.17 4.97 6.09 4.34 6.52 3.20 4.36 7.63 7.02 6.16

NDVI AVERAGE VALUES WITHIN HABITAT NATURA 2000

O
C

TO
BER

 2017

BURN SEVERITY CLASS 
(RBR)

3220 4060 6170 6210 6230 6430 8210 9210 Coniferous 
stands

Total

Moderate-low severity [1] 4.46 3.69 5.14 5.66 5.12 6.85 3.22 4.47 4.79 4.62
Moderate-high severity [2] 5.00 3.34 4.63 5.45 4.69 6.83 2.91 3.94 3.58 4.11
High severity [3] 3.53 4.19 4.00 5.00 3.50 4.75 3.43 3.84
Total Burned 4.48 3.52 4.77 5.55 4.98 6.85 3.12 4.33 4.26 4.34
Total Unburned (buffer 500m) 4.09 4.90 6.03 5.27 5.74 5.06 4.57 6.59 7.12 5.85

NDVI AVERAGE VALUES WITHIN HABITAT NATURA 2000

JU
LY

 2018

BURN SEVERITY CLASS 
(RBR)

3220 4060 6170 6210 6230 6430 8210 9210 Coniferous 
stands

Total

Moderate-low severity [1] 6.17 5.05 7.15 7.38 7.69 7.60 4.04 6.16 5.21 5.98
Moderate-high severity [2] 6.00 5.10 6.20 7.34 7.54 7.50 3.84 5.50 4.55 5.67
High severity [3] 5.73 6.20 7.18 8.50 4.00 6.50 3.80 5.96
Total Burned 6.15 5.16 6.50 7.35 7.65 7.57 3.97 5.99 4.86 5.84
Total Unburned (buffer 500m) 5.67 5.78 7.37 6.86 7.48 6.18 5.08 8.24 6.54 6.71

NDVI AVERAGE VALUES WITHIN HABITAT NATURA 2000

AU
G

U
ST 2018

BURN SEVERITY CLASS 
(RBR)

3220 4060 6170 6210 6230 6430 8210 9210 Coniferous 
stands

Total

Moderate-low severity [1] 5.70 5.14 6.85 6.48 7.30 5.81 4.37 6.17 5.28 5.80
Moderate-high severity [2] 6.00 5.12 6.00 6.54 6.94 5.38 4.31 5.56 4.84 5.52
High severity [3] 5.94 6.26 6.86 8.00 5.00 6.75 4.47 6.05
Total Burned 5.75 5.23 6.36 6.52 7.19 5.67 4.36 6.02 5.06 5.70
Total Unburned (buffer 500m) 5.56 5.60 6.77 6.07 7.00 5.32 5.14 6.96 6.46 6.06

NDVI AVERAGE VALUES WITHIN HABITAT NATURA 2000

O
C

TO
BER

 2018

BURN SEVERITY CLASS 
(RBR)

3220 4060 6170 6210 6230 6430 8210 9210 Coniferous 
stands

Total

Moderate-low severity [1] 5.48 5.06 6.67 6.54 6.86 6.33 4.28 6.45 5.49 5.80
Moderate-high severity [2] 6.50 5.08 5.85 6.52 6.82 6.17 4.28 5.85 5.03 5.48
High severity [3] 5.86 6.13 6.67 8.00 4.33 6.25 4.76 5.95
Total Burned 5.57 5.16 6.22 6.54 6.87 6.29 4.28 6.28 5.27 5.67
Total Unburned (buffer 500m) 5.22 5.53 6.71 6.15 7.13 5.75 4.94 8.61 6.85 6.55
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Figure 5. NDVI trends in the burned area and cumulative areas shared by habitats threatened by fire. (a) Monthly comparison in 
two years of monitoring (July 2017 and July 2018). (b) Comparison of NDVI discrete maps for the monitored months (August 2017, 
October 2017, August 2018 and October 2018). (c) NDVI average trends in all the monitored months, within the ‘burn severity’ 
classes (M-L= Moderate-Low severity; M-H = Moderate-High severity; H = High severity). The different colors of the cumulative 
columns represent the Annex I habitats threatened by fire in the study area.
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parison between the Unburned control area and the Total 
burned area resulted in a clear trend: 1) all plant com-
munities followed their normal phenological cycle in the 
area not affected by the fire, shoving similar NDVI values 
over time; 2) in the burned area, a decrease of NDVI val-
ues can be observed after the fire event; the index rises 
again in the following months, although it never reach-
es the original values again. All these trends, including 
those of the most damaged habitats mentioned above, are 
shown in Figure 6.

Discussion 
Fire is an important disturbance process in many ecosys-
tems, e.g. Mediterranean ecosystems (Keeley et al. 2011), 
but its intensity and frequency are altered by humans in 
many areas as a result of land use change (Bucini and 
Lambin 2002) or, as in the present study, of an accidental 
fire. Multispectral sensors have been used to monitor ac-
tive fire, map burned area, or quantify fuel availability and 
flammability (Herawati et al. 2015).

The study area was well suited for testing the potentiality 
of the S2 data to obtain the specific spectral indices used 
for vegetation monitoring (RBR and NDVI). Moreover, it 
allowed the investigation of the short-term dynamics of 
vegetation recovery, even verifying in the field the satel-
lite-collected data (pers. obs.).

This study identified and characterized the burned ar-
eas at medium-high resolution, taking advantage of the 
spectral and temporal characteristics of the MSI S2 data. 
The large temporal resolution of these data (5 days) al-
lowed a very precise use of the RBR index, as described 
above, based on pre- and post-fire imagery. This index, 
calculated at the spatial resolutions we used, allowed the 
identification of burn scars with great rigor. It also enabled 
us to discretize the burned area into severity classes and 
allowed to carry out both an exploratory analysis of the 
most affected areas and a more thorough investigation us-
ing the NDVI. 

The analysis conducted within the ‘severity classes’ us-
ing the NDVI showed a clear pattern of similarity of the 
less severe ones, which showed relatively regular trends in 
values. On the other hand, a faster increase was found in 

Figure 6. NDVI trends of the total burned and unburned area, and within ‘burn severity’ classes, in the threatened habitats. ‘Burn 
severity’ classes: M-L = Moderate-Low Severity (orange solid line); M-H = Moderate-High Severity (red dash line); H = High Sever-
ity (violet dotted line). (a) NDVI average trends of unburned areas in a 500 meters buffer around the burned scar (green solid line), 
and ‘burn severity’ classes (M-L, M-H, H) for the total threatened area. The other graphs represent the NDVI average trends within 
the ‘burn severity’ classes for different Annex I habitats plus coniferous stands: (b) 6210* (Semi-natural dry grasslands and scru-
bland facies on calcareous substrates), (c) 4060 (Alpine and boreal heaths), (d) 6170 (Alpine and subalpine calcareous grasslands), 
(e) coniferous stands, (f) 9210* (Apennine beech forests with Taxus and Ilex). The habitats 6230* [Species-rich Nardus grasslands, 
on siliceous substrates in mountain areas (and sub-mountain areas, in Continental Europe)], 6430 (Hydrophilous tall herb fringe 
communities of plains and of the montane to alpine levels) and 8210 (Calcareous rocky slopes with chasmophytic vegetation) are not 
included because of the limited extent of their patches.
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the higher class, confirming a greater resilience at highly 
burned sites (Coop et al. 2016).

Results show that the most affected habitats are the 
grasslands (6170, 6210, 6230, 6430) and shrublands (4060). 
As far as the former are concerned, the analysis lead to in-
teresting results, showing how the herbaceous vegetation, 
even in montane and sub-alpine environments, can rap-
idly recover, similarly to the Mediterranean communities. 
This might also (partly) be due to a rapid vegetation re-
covery in the first two years after the fire, becoming more 
gradual in the following years (Petropoulos et al. 2014).

However, extreme events, such as fires, can have very im-
portant effects on the structure and composition of grass-
lands (Venn et al. 2016). In the study area, a collapse of the 
vegetation cover just after the event was observed, followed 
by a recovery that favored the abundance of graminoids 
species with a large seed bank, as reported by Buma (2012).

Shrublands were damaged for a quarter of the total area. 
These communities are mainly constituted by common ju-
niper (Juniperus communis L.). Our results are in line with 
Quevedo et al. (2007), who reported less resilient commu-
nities with poorer regeneration capacities, a result compa-
rable to ours obtained by NDVI monitoring approach.

The coniferous forests in the study area are charac-
terized by mixed reforestations with European silver fir 
(Abies alba Mill.), European spruce [Picea abies (L.) H. 
Karst.], European larch (Larix decidua Mill.) and Austri-
an pine (Pinus nigra J.F.Arnold). They represent less than 
10% of the entire study area. The scarcity of active main-
tenance over the years made these woods very susceptible 
to fire, given the quantity of combustible material in the 
undergrowth (Moreira et al. 2009). In addition to their 
poor regenerative capacity (Catry et al. 2010), in the study 
area these plantations grow on steep slopes, which proba-
bly determines a slower recolonization.

The last habitat affected by the fire of 2017 was the 
beech forest (9210), representing less than 3% of the burn 
scar. Beech forests are not very resilient to the passage of 
the fire, because of the low seed vitality after such events. 
Interestingly, a positive trend was observed in the NDVI 
index values, accounting for a good regenerative capacity, 
due to the development of the herbaceous undergrowth 
species present in the seed bank. In fact, the fertile soil of 
beech woods can facilitate the development of herbaceous 
vegetation (and therefore an increase in its photosynthesis 
index) in the period following the fire (Ascoli et al. 2013). 
These species take advantage of better light and moisture 
conditions (Maringer et al. 2012; Gratani et al. 2018). The 
increase in NDVI values in burned beech patches may be 
partly due to the ‘edge effect’ with the nearby beech for-
est not affected by fire. This effect was not considered in 
our study, but it appears to be the least significant with 
respect to the surface coverage of the vegetation (compe-
tition) and the mature trees which survived the post-fire 
(seed sources), followed for importance by topographi-
cal factors (Fang et al. 2019). The high values of NDVI 
in wooded areas could also be due to errors in the index, 
which saturates when dealing with high density of vege-

tation; furthermore, its application is hindered in dense 
and structurally complex vegetation complexes (Quang 
et al. 2019). Despite the aforementioned disadvantages, 
the NDVI was here used because the affected forest area, 
compared to the other habitat types, covered little extent.

Satellite remotely sensed data and analyses have been 
widely applied in both conservation science and practice, 
but there are limitations to the information they can pro-
vide. In this study, the spatial resolution of S2 sensors al-
lowed the identification of short-term trends in the photo-
synthetic activity of the different plant communities after 
the fire event, and a very accurate study of the vegetational 
dynamics in progress. On the other hand, in order to ob-
tain more accurate information regarding individual pop-
ulations or single species, there is a need for satellite data 
with a very high spatial resolution (VHR, usually com-
mercial) that have a relatively high cost, depending on the 
purpose and the request (Marvin et al. 2016).

The field sampling effort for monitoring an area of this 
size requires considerable monetary and human resources. 
The use of SRS not only reduces the field work but also fa-
cilitates possible actions to restore the area interested (Dey 
et al. 2018). Furthermore, the use of ancillary data obtained 
through ‘crowdsourcing’ (Citizen science) might facilitate 
and/or further reduce field surveys by allowing analysis at 
ever larger and more accurate scales (Hufkens et al. 2019).

The use of satellite remote sensing for vegetation mon-
itoring has allowed to observe the situation from a dif-
ferent perspective, compared to the classic field surveys. 
Through this methodology, it was possible to carry out a 
high resolution multitemporal analysis.

This study provided a rapid and effective monitoring of 
the conditions of various plant communities, including a 
quantification of damage and tendency to short-term re-
cover. Furthermore, with the applied methodology it was 
possible to detect and quantify different burn severity class-
es, allowing an even more extensive study of the vegetation 
recovery dynamics. This approach can also make field work 
more efficient by focusing sampling efforts on certain ar-
eas, in order to implement specific environmental recovery 
measures for damaged habitats at a relatively low cost. 

The proposed approach provides useful management 
information for fire prevention in protected areas, plan-
ning monitoring activities and implementing functional 
rehabilitation actions for habitats affected by these dis-
turbing events.

Acknowledgement
This study was supported by the Department of Life 
Health and Environmental Sciences of University of L’Aq-
uila (Abruzzo – Italy). The authors thank the European 
Space Agency for making data (and software) publicly 
available, and the NASA Fire Information for Resource 
Management System for provisioning the georeferenced 
data used in this study (https://firms.modaps.eosdis.nasa.
gov/) for validating the burned scar.

https://firms.modaps.eosdis.nasa.gov/
https://firms.modaps.eosdis.nasa.gov/


Walter De Simone et al.: Satellite monitoring post-fire vegetation dynamics20

De Carvalho Júnior O, Guimarães R, Silva C, Gomes R (2015) Stan-
dardized Time-Series and Interannual Phenological Deviation: 
New Techniques for Burned-Area Detection Using Long-Term 
MODIS-NBR Dataset. Remote Sensing 7: 6950–6985.  https://doi.
org/10.3390/rs70606950

Dey N, Bhatt C, Ashour AS (2018) Big data for remote sensing: Visual-
ization, analysis and interpretation. Springer.

Di Musciano M, Carranza M, Frate L, Di Cecco V, Di Martino L, Frat-
taroli A, Stanisci A (2018) Distribution of Plant Species and Disper-
sal Traits along Environmental Gradients in Central Mediterranean 
Summits. Diversity 10: 58. https://doi.org/10.3390/d10030058

Di Musciano M, Di Cecco V, Bartolucci F, Conti F, Frattaroli AR, Di 
Martino L (2020) Dispersal ability of threatened species affects future 
distributions. Plant Ecology 1-17.

Dominy NJ, Duncan B (2002) GPS and GIS methods in an African rain 
forest: applications to tropical ecology and conservation. Conserva-
tion Ecology 5(2).

European Commission D (2013) Interpretation manual of European 
Union habitats – EUR28. Eur Comm, DG Environ 144. 

Fang L, Crocker EV, Yang J, Yan Y, Yang Y, Liu Z (2019) Competition and 
Burn Severity Determine Post-Fire Sapling Recovery in a Nationally 
Protected Boreal Forest of China: An Analysis from Very High-Res-
olution Satellite Imagery. Remote Sensing 11(6): 603.

Foody G (2008) GIS: biodiversity applications. Progress in Physical Ge-
ography 32: 223–235.

Frate L, Fabrizio M, Ciaschetti G, Spera M (2018) Spatial analysis of the 
Morrone wildfires (Majella National park, Central Italy) by remote 
sensing images. Forest@ – Rivista di Selvicoltura ed Ecologia Fore-
stale 15: 59–64. https://doi.org/10.3832/efor2775-015

Giglio L, Kendall J, Justice C (1999) Evaluation of global fire detection 
algorithms using simulated AVHRR infrared data. International 
journal of remote sensing 20: 1947–1985.

Graser A. (2016) Learning Qgis. Packt Publishing Ltd.
Gratani L, Martino L, Frattaroli AR, Bonito A, Di Cecco V, De Simone 

W, Ferella G, Catoni R (2018) Carbon sequestration capability of Fa-
gus sylvatica forests developing in the Majella National Park (Central 
Apennines, Italy). Journal of forestry research, 29(6), 1627-1634.

Gratani L, Rossi A, Crescente M, Frattaroli A (1999) Ecologia dei pasco-
li di Campo Imperatore (Gran Sasso d'Italia) e carta della biomassa 
vegetale. In “Ricerche di Geobotanica ed Ecologia Vegetale di Campo 
Imperatore (Gran Sasso d’Italia). Braun-Blanquetia 16: 227–247.

Hanes TL (1971) Succession after fire in the chaparral of southern Cali-
fornia. Ecological monographs 41: 27–52.

Harvey BJ, Donato DC, Turner MG (2016) High and dry: Post-fire tree 
seedling establishment in subalpine forests decreases with post-fire 
drought and large stand-replacing burn patches. Global Ecology and 
Biogeography 25: 655–669.

Herawati H, González-Olabarria J, Wijaya A, Martius C, Purnomo H, 
Andriani R (2015) Tools for assessing the impacts of climate variabil-
ity and change on wildfire regimes in forests. Forests 6: 1476–1499.

Hufkens K, Melaas EK, Mann ML, Foster T, Ceballos F, Robles M, Kram-
er B (2019) Monitoring crop phenology using a smartphone based 
near-surface remote sensing approach. Agricultural and Forest Me-
teorology 265: 327–337.

Iannella M, Cerasoli F, D’Alessandro P, Console G, Biondi M (2018) Cou-
pling GIS spatial analysis and Ensemble Niche Modelling to investi-
gate climate change-related threats to the Sicilian pond turtle Emys tr-
inacris, an endangered species from the Mediterranean. PeerJ 6: e4969.

Bibliography
Addabbo P, Focareta M, Marcuccio S, Votto C, Ullo SL (2016) Contri-

bution of Sentinel-2 data for applications in vegetation monitoring. 
Acta Imeko 5: 44–54.

Alonso-Canas I, Chuvieco E (2015) Global burned area mapping from 
ENVISAT-MERIS and MODIS active fire data. Remote Sensing of 
Environment 163: 140–152.

Ascoli D, Castagneri D, Valsecchi C, Conedera M, Bovio G (2013) Post-
fire restoration of beech stands in the Southern Alps by natural re-
generation. Ecological Engineering 54: 210–217.

Bagnaia R, Catonica C, Bianco PM, Ceralli D (2015) Carta della Natura 
del Parco Nazionale del Gran Sasso e dei Monti della Laga: Carta de-
gli Habitat alla scala 1:25.000. ISPRA – Dati del Sistema Informativo 
di Carta della Natura.

Battipaglia G, Tognetti R, Valese E, Ascoli D, De Luca PF, Basile S, Ot-
taviano M, Mazzoleni S, Marchetti M, Esposito A (2017) Forest fires 
in 2017: a useful lesson. Forest@ – Rivista di Selvicoltura ed Ecologia 
Forestale 14: 231–236. https://doi.org/10.3832/efor0076-014

Biondi E, Ballelli S, Allegrezza M, Taffetani F, Frattaroli A, Guitian J, Zuc-
carello V (1999) La vegetazione di Campo Imperatore (Gran Sasso 
d'Italia). In “Ricerche di Geobotanica ed Ecologia Vegetale di Campo 
Imperatore (Gran Sasso d’Italia). Braun-Blanquetia 16: 53–119.

Brunetti M, Magoga G, Iannella M, Biondi M, Montagna M (2019) Phylo-
geography and species distribution modelling of Cryptocephalus barii 
(Coleoptera: Chrysomelidae): is this alpine endemic species close to ex-
tinction? ZooKeys 856, 3. https://doi.org/10.3897/zookeys.856.32462

Bucini G, Lambin EF (2002) Fire impacts on vegetation in Central Af-
rica: a remote-sensing-based statistical analysis. Applied Geography 
22: 27–48.

Buma B (2012) Evaluating the utility and seasonality of NDVI values for 
assessing post-disturbance recovery in a subalpine forest. Environ-
mental monitoring and assessment 184: 3849–3860.

Catry F, Rego F, Moreira F, Fernandes P, Pausas J (2010) Post-fire tree 
mortality in mixed forests of central Portugal. Forest Ecology and 
Management 260: 1184–1192.

Cerasoli F, Iannella M, Biondi M (2019) Between the hammer and the 
anvil: how the combined effect of global warming and the non-native 
common slider could threaten the European pond turtle. Manage-
ment of Biological Invasions 10(3): 428–448. 

Cherki K, Gmira N (2013) Dynamique de régénération post-incendie 
et sévérité des incendies dans les forêts méditerranéennes: cas de la 
forêt de la Mâamora, Maroc septentrional. 

Congalton RG, Green K (2019) Assessing the accuracy of remotely 
sensed data: principles and practices. CRC press, pp.

Conti F, Bartolucci F (2016) The vascular flora of Gran Sasso and Monti 
della Laga National Park (Central Italy). Phytotaxa 256: 1–119.

Coop JD, Parks SA, McClernan SR, Holsinger LM (2016) Influences of 
prior wildfires on vegetation response to subsequent fire in a reburned 
southwestern landscape. Ecological Applications 26: 346–354.

D'Alessandro P, Iannella M, Frasca R, Biondi M (2018) Distribution pat-
terns and habitat preference for the genera-group Blepharida sl in 
Sub-Saharan Africa (Coleoptera: Chrysomelidae: Galerucinae: Alti-
cini). Zoologischer Anzeiger 277: 23–32.

Davies DK, Ilavajhala S, Wong MM, Justice CO (2008) Fire information 
for resource management system: archiving and distributing MODIS 
active fire data. IEEE Transactions on Geoscience and Remote Sens-
ing 47: 72–79.

https://doi.org/10.3390/rs70606950
https://doi.org/10.3390/rs70606950
https://doi.org/10.3390/d10030058
https://doi.org/10.3832/efor2775-015
https://doi.org/10.3832/efor0076-014
https://doi.org/10.3897/zookeys.856.32462


Plant Sociology 57(1) 2020, 11–22 21

Iannella M, D'Alessandro P, Biondi M (2019a) Entomological knowledge 
in Madagascar by GBIF datasets: estimates on the coverage and pos-
sible biases (Insecta). Fragmenta entomologica 51: 1–10.

Iannella M, De Simone W, D’Alessandro P, Console G, Biondi M (2019b) 
Investigating the Current and Future Co-Occurrence of Ambrosia 
artemisiifolia and Ophraella communa in Europe through Ecological 
Modelling and Remote Sensing Data Analysis. International journal 
of environmental research and public health 16: 3416.

Iannella M, Liberatore L, Biondi M (2016) The effects of a sudden urban-
ization on micromammal communities: a case study of post-earthquake 
L’Aquila (Abruzzi Region, Italy). Italian Journal of Zoology 83: 255–262.

Keeley JE, Bond WJ, Bradstock RA, Pausas JG, Rundel PW (2011) Fire 
in Mediterranean ecosystems: ecology, evolution and management. 
Cambridge University Press.

Kerr JT, Ostrovsky M (2003) From space to species: ecological applica-
tions for remote sensing. Trends in Ecology & Evolution 18: 299–305.

Key CH, Benson NC (2006) Landscape assessment (LA). In: Lutes, Dun-
can C; Keane, Robert E; Caratti, John F; Key, Carl H; Benson, Nathan 
C; Sutherland, Steve; Gangi, Larry J 2006 FIREMON: Fire effects 
monitoring and inventory system Gen Tech Rep RMRS-GTR-164-
CD Fort Collins, CO: US Department of Agriculture, Forest Service, 
Rocky Mountain Research Station p LA-1-55 164.

Klisch A, Atzberger C (2016) Operational Drought Monitoring in Kenya 
Using MODIS NDVI Time Series. Remote Sensing 8: 267. https://
doi.org/10.3390/rs8040267

Lepcha DL, Pradhan A, Chhetri DR (2019) Population assessment and 
species distribution modeling of Paris polyphylla in Sikkim Himalaya, 
India. Biodiversitas Journal of Biological Diversity 20(5): 1299–1305.

Leutner B, Horning N, Leutner MB (2017) Package ‘RStoolbox’. https://
cran.r-project.org/web/packages/RStoolbox/index.html

Louis J, Debaecker V, Pflug B, Main-Knorn M, Bieniarz J, Mueller-Wilm 
U, Cadau E, Gascon F (2016) Sentinel-2 sen2cor: L2a processor 
for users. In Proceedings Living Planet Symposium 2016 (pp. 1-8). 
Spacebooks Online.

Malenovský Z, Rott H, Cihlar J, Schaepman ME, García-Santos G, Fer-
nandes R, Berger M (2012) Sentinels for science: Potential of Senti-
nel-1,-2, and-3 missions for scientific observations of ocean, cryo-
sphere, and land. Remote Sensing of Environment 120: 91–101.

Maringer J, Wohlgemuth T, Neff C, Pezzatti GB, Conedera M (2012) 
Post-fire spread of alien plant species in a mixed broad-leaved forest 
of the Insubric region. Flora-Morphology, Distribution, Functional 
Ecology of Plants 207: 19–29.

Marvin DC, Koh LP, Lynam AJ, Wich S, Davies AB, Krishnamurthy R, 
Stokes E, Starkey R, Asner GP (2016) Integrating technologies for 
scalable ecology and conservation. Global Ecology and Conservation 
7: 262–275.

McFeeters SK (1996) The use of the Normalized Difference Water In-
dex (NDWI) in the delineation of open water features. International 
journal of remote sensing 17: 1425–1432.

Moreira F, Vaz P, Catry F, Silva JS (2009) Regional variations in wildfire 
susceptibility of land-cover types in Portugal: implications for land-
scape management to minimize fire hazard. International Journal of 
Wildland Fire 18: 563–574.

Morgan P, Keane RE, Dillon GK, Jain TB, Hudak AT, Karau EC, Sik-
kink PG, Holden ZA, Strand EK (2014) Challenges of assessing fire 
and burn severity using field measures, remote sensing and mod-
elling. International Journal of Wildland Fire 23: 1045.  https://doi.
org/10.1071/WF13058

Mouillot F, Schultz MG, Yue C, Cadule P, Tansey K, Ciais P, Chuvieco 
E (2014) Ten years of global burned area products from spaceborne 
remote sensing—A review: Analysis of user needs and recommenda-
tions for future developments. International Journal of Applied Earth 
Observation and Geoinformation 26: 64–79.

Naveh Z, Goldammer J, Jenkins M (1990) Fire in the Mediterranean – 
A landscape ecological perspective. Transdisciplinary Challenges in 
Landscape Ecology and Restoration Ecology: 95.

Padilla M, Stehman SV, Ramo R, Corti D, Hantson S, Oliva P, Alon-
so-Canas I, Bradley AV, Tansey K, Mota B (2015) Comparing the 
accuracies of remote sensing global burned area products using 
stratified random sampling and estimation. Remote Sensing of En-
vironment 160: 114–121.

Parks S, Dillon G, Miller C (2014) A New Metric for Quantifying Burn 
Severity: The Relativized Burn Ratio. Remote Sensing 6: 1827–1844. 
https://doi.org/10.3390/rs6031827

Petropoulos GP, Griffiths HM, Kalivas DP (2014) Quantifying spatial 
and temporal vegetation recovery dynamics following a wildfire 
event in a Mediterranean landscape using EO data and GIS. Applied 
Geography 50: 120–131.

Pettorelli N, Owen HJF, Duncan C, Freckleton R (2016) How do we 
want Satellite Remote Sensing to support biodiversity conservation 
globally? Methods in Ecology and Evolution 7: 656–665. https://doi.
org/10.1111/2041-210X.12545

Pettorelli N, Safi K, Turner W (2014) Satellite remote sensing, biodiversi-
ty research and conservation of the future. The Royal Society.

Prodan A, Racetin I (2019) Analysis of burned vegetation recovery by 
means of vegetation indices. International Multidisciplinary Scientif-
ic GeoConference: SGEM 19: 449–456.

Puletti N, Chianucci F, Castaldi C (2017) Use of Sentinel-2 for forest clas-
sification in Mediterranean environments. Ann Silvic Res 42. 

QGIS Development Team (2016). QGIS geographic information system. 
Open source geospatial Foundation project.

Quang AV, Jaffrain G, Delbart N (2019) The challenge of mapping forest 
cover changes: forest degradation detection by optical remote sens-
ing time series analysis. In: Geophysical Research Abstracts.

Quevedo L, Rodrigo A, Espelta JM (2007) Post-fire resprouting ability of 
15 non-dominant shrub and tree species in Mediterranean areas of 
NE Spain. Annals of Forest Science 64: 883–890.

R Core Team (2016) R: A language and environment for statistical com-
puting. R Foundation for Statistical Computing, Vienna, Austria. 
URL http://wwwR-projectorg/ 

Rouse JW, Haas RH, Schell JA, Deering DW, Harlan JC (1974) Mon-
itoring the vernal advancement and retrogradation (greenwave ef-
fect) of natural vegetation. NASA Technical Reports Server (NTRS) 
19750020419. Remote Sensing Center, Texas A&M University. Col-
lege Station, Texas.

Santos X, Brito JC, Sillero N, Pleguezuelos JM, Llorente GA, Fahd S, 
Parellada X (2006) Inferring habitat-suitability areas with ecological 
modelling techniques and GIS: a contribution to assess the conserva-
tion status of Vipera latastei. Biological Conservation 130: 416–425.

Schaffhauser A, Curt T, Véla E, Tatoni T (2012) Fire recurrence effects on 
the abundance of plants grouped by traits in Quercus suber L. wood-
lands and maquis. Forest Ecology and Management 282: 157–166.

Szantoi Z, Strobl P (2019) Copernicus Sentinel-2 Calibration and Valida-
tion. European Journal of Remote Sensing 52: 253–255.

Tessler N, Sapir Y, Wittenberg L, Greenbaum N (2015) Recovery of 
Mediterranean vegetation after recurrent forest fires: insight from 

https://doi.org/10.3390/rs8040267
https://doi.org/10.3390/rs8040267
https://cran.r-project.org/web/packages/RStoolbox/index.html
https://cran.r-project.org/web/packages/RStoolbox/index.html
https://doi.org/10.1071/WF13058
https://doi.org/10.1071/WF13058
https://doi.org/10.3390/rs6031827
https://doi.org/10.1111/2041-210X.12545
https://doi.org/10.1111/2041-210X.12545
http://wwwR-projectorg/


Walter De Simone et al.: Satellite monitoring post-fire vegetation dynamics22

the 2010 forest fire on Mount Carmel. Land Degradation & Develop-
ment 27(5): 1424–1431.

Tucker CJ (1978) Red and photographic infrared linear combinations 
for monitoring vegetation. 

Venn SE, Pickering CM, Butler SA, Letten AD (2016) Using a model 
based fourth-corner analysis to explain vegetation change following 
an extraordinary fire disturbance. Oecologia 182: 855–863. https://
doi.org/10.1007/S00442-016-3700-8

Verhegghen A, Eva H, Ceccherini G, Achard F, Gond V, Gourlet-Fleury 
S, Cerutti P (2016) The Potential of Sentinel Satellites for Burnt Area 
Mapping and Monitoring in the Congo Basin Forests. Remote Sens-
ing 8: 986. https://doi.org/10.3390/rs8120986

Viana-Soto A, Aguado I, Martínez S (2017) Assessment of Post-Fire 
Vegetation Recovery Using Fire Severity and Geographical Data in 
the Mediterranean Region (Spain). Environments 4: 90. https://doi.
org/10.3390/environments4040090

Wang R, Gamon JA (2019) Remote sensing of terrestrial plant biodiver-
sity. Remote Sensing of Environment 231: 111–218.

Zhuravleva TB, Kabanov DM, Nasrtdinov IM, Russkova TV, Sakerin 
SM, Smirnov A, Holben BN (2017) Radiative characteristics of aero-
sol during extreme fire event over Siberia in summer 2012. Atmo-
spheric Measurement Techniques 10(1): 179–198. 

Appendix 

Table A1. Satellite images used for the analysis.

Satellite Instrument Acquisition date Product types Pre/Post Fire
Sentinel-2 MSI 20.07.2017 Level-1C PRE
Sentinel-2 MSI 29.08.2017 Level-1C POST
Sentinel-2 MSI 28.10.2017 Level-1C POST
Sentinel-2 MSI 10.07.2018 Level-1C POST
Sentinel-2 MSI 29.08.2018 Level-1C POST
Sentinel-2 MSI 13.10.2018 Level-1C POST

Planet Scope MSI 10.08.2017 Level 1B POST

Table A2. Accuracy statistics. Classification accuracy (%) for the index classification when applied to the validation dataset. Train-
ing data consisted of a random sample (80%) of the full dataset and validation was conducted on the remaining data. 

Overall Statistics
Accuracy: 0.8333 Kappa: 0.7778
95% CI: (0.3588, 0.9958)  P-Value [Acc > NIR]: 0.01783
No Information Rate: 0.3333

Statistics by Class:
Class: 1 Class: 2 Class: 3 Class: 4

Sensitivity 0.5000 10.000 10.000 10.000
Specificity 10.000 10.000 10.000 0.8000
Pos Pred Value 10.000 10.000 10.000 0.5000
Neg Pred Value 0.8000 10.000 10.000 10.000
Prevalence 0.3333 0.3333 0.1667 0.1667
Detection Rate 0.1667 0.3333 0.1667 0.1667
Detection Prevalence 0.1667 0.3333 0.1667 0.3333
Balanced Accuracy 0.7500 10.000 10.000 0.9000
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