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Abstract. Fires are one of the main causes of environmental degradation as
they have an impact on flora and fauna, can also strongly influence ecological
and geomorphological processes and permanently compromise the functionality
of the ecosystems and soils on which they impact. The severity of the fire event
influences the superficial hydrological response and the consequent loss of soil.
Precipitation on the basins recently affected by fires produces an increase in the
outflow which commonly transports and deposits large volumes of sediment,
both inside and downstream of the burned area. In the years following the fire,
the loss of soil is very high and the degradation processes of the soils are much
greater than in the pre-event. The aim of this study is to evaluate the potential
annual loss due to post-fire erosion using remote sensing techniques, RUSLE
(Revised Universal Soil Loss Equation) methodology and GIS tecniques in nine
different event occurred in 2019 in the northern part of the Apulia Region
(Southern Italy). Geographic Information System techniques and remote sensing
data have been adopted to study the post-fire soil erosion risk. Satellite images
are the most appropriate for environmental monitoring as they provide high
resolution multispectral optical images, infact are able to monitor the develop-
ment of vegetation by assessing the water content an changes in chlorophyll
levels. This study can be useful to spatial planning authorities as a tool for
assessing and monitoring eroded soil in areas affected by fires, representing a
useful tool for land management.
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1 Introduction

Since at least the second half of the 19th century, soil erosion has been recognized as
one of the most significant environmental problems worldwide [1], particularly in areas
having seasonally contrasted climate and a long history of human pressure.

Soil loss leads to a decrease of the water holding capacity, nutrient availability and
organic matter content and to a reduction in the overall fertility of arable lands [5].

Fire represents one of the most important causes of degradation of Mediterranean
area bringing important transformations at different temporal and spatial scales which
affect ecosystems, landscapes and environments [9, 19].

Ongoing global climate changes are increasing the risk of fires, this risk is an effect
of climate change but at the same time it is the cause. Fires cause a loss of the carbon
contained in the vegetation and soils, against which it is important to evaluate the
impact of the fire. Among the long-term effects of fires, which can also be found in the
years following the event, there are profound alterations in the characteristics and
structure of the soils.

Fire severity influences the hydrological response and soil loss [21–23]. In fact, a
high severity of burned soil is generally associated with an increase in the water
repellency of the soil [2, 8] and a decrease in infiltration [23]. Precipitation on recently
burned areas produces a greater surface runoff which commonly transports and deposits
large volumes of sediment, both inside and downstream of the burned area [2, 15, 20,
23, 24].

In the Mediterranean area, soil composition and structure have been generally
strongly shaped by fires, which they tend to operate as an erosive force. The aim of this
work is to understand the erosion of burned soil in Apulia Region (Southern Italy) in
pre and post-fire conditions in nine different fire event occurred in 2019 in the northern
part of the Region (Gargano Area). The analysis has been carried out by using satellite
images derived from Sentinel 2A and Sentinel 2B satellite and geographical infor-
mation systems (GIS). RUSLE (Revised Universal Soil Loss Equation) methodology
has been applied to evaluate the pre-fire and post-fire soil erosion. The entire procedure
was carried out with the open source QGIS software and related plugins.

This study confirm that Remote Sensing and GIS are effective tools in generating
spatial and quantitative information on soil erosion studies and risk assessment
mapping.

2 Material and Method

Soil erosion is one of most serious environmental problems in the Mediterranean area
and is also the most intensively studied subjects in this European Region. This process
is extremely variable due to the interaction with different factors such as geomor-
phological and geological features, type of climate and exogenous agents, fire occur-
rence, land use and management and type and density of vegetation cover. It includes
the erosion of the washing of the slabs, the breakthrough, the trampling, the surface
landslide and the development of large and active badlands both in the sub-humid and
semi-arid areas [10].
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Fires are a serious short-term risk of soil erosion, but can also result in land
degradation and sometimes desertification over the long-term.

2.1 Study Area

The study areas are located in the northern part of Apulia Region, in Foggia Province
(Fig. 1).

Foggia is one of the largest provinces in Italy, about 7000 km2 and its dived in
three areas characterized by different geomorphological and geological features: Gar-
gano, Tavoliere of Apulia Region and Monti Dauni Area (Fig. 2).

This area is characterized by a typically Mediterranean climate with mild and
slightly rainy winters alternating with hot and dry summers. However there is a great
climatic variability between the two areas, in fact the Gargano is characterized by a
high rainfall while the Tavoliere plain has some of the highest temperatures in Italy.

This area lies in the northern sector of the Bradanic foredeep bounded to the west
by the external sector of the southern Apennines chain (‘Subappennino Dauno’) and to
the east by the Gargano Promontory (northern part of the Apulian foreland) (see Fig. 2)
[4, 13, 21, 26].

The Tavoliere di Puglia is a large alluvial plain located in southern Italy (Foggia
Province, Apulia Region) characterized by a series of low elevations, in fact large
weakly inclined surfaces are well observable. From a geological perspective view, it
represents the northern part of the Bradanic trough located between the southern
Apennine Chain and the Apulian Foreland [9, 11, 12, 18, 19, 24, 26].

The outcrops are characterized by quaternary deposits mainly in facies alluvial and
lake [10, 12, 13, 18].

Fig. 1. Geographical localization of study area in Apulia Region.
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The Gargano Promontory is a carbonate horst and Monte Calvo (1056 m. asl)
represents the highest part of the whole Gargano Area. Overall from geomorphological
point of view, the entire territory is characterized by a succession of escarpments,
isolated reliefs, depressions and small plains. Surface erosion forms are evident due to
the action of morpho-climatic processes [4, 12].

To assess pre- and post-fire soil erosion we selected nine fire events that occurred in
the 2019 into the study area. One of them (Lucera fire) is located within the morpho-
geological unit of the Bradanic Trough. Geology of the territory is mainly constituited
by Quaternary deposits like such as deposits of silty clays, sands and pebbles inter-
spersed with clay sands [13].

The other eight fires are located in the municipalities of Ischitella, San Maro in
Lamis, Carpino and Cagnano Varano, in the Gargano area. Deposits presents in this
area are mainly costituited by different type of calcarenite and limestones [4, 23].

2.2 Data and Methodology

Multi-spectral and multi-temporal satellite data with medium and high spatial resolu-
tion are very appropriate to evaluate the burned soil erosion process and fire severity. In
present work images of ESA (European Space Agency) Sentinel-2A and 2B satellite
have been used (source: https://scihub.copernicus.eu/dhus/#/home). Sentinel 2 satellite

Fig. 2. Schematic geologic map of the chain-foredeep-foreland system of the southern
Apennines and location of the Tavoliere di Puglia plain and Gargano horst: note that it
represents the northern sector of the Bradanic trough. Rectangle 1 represents the carbonate units
of the Apulian foreland. White part represents the terraced marine deposits of the Tavoliere and
finally rectangle 2 represents the deposits belonging to the Appennine Chain of the Dauno
Apennines [2, 4, 21, 26].
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acquired images with 13 bands (Table 1), from infrared to thermal infrared wave-
lengths, characterized by a mid-high spatial and temporal resolution [32, 33].

Specifically, for the events considered, two Sentinel 2 L2A images were already
downloaded correctly atmospheric, pre and post fire, in which all the bands were
resampled with a 10 m spatial resolution. Fire severity was stimulated using sentinel
bands 2 most sensitive to changes in the post-fire reflectance value [7, 19, 27–29]
(Fig. 3).

In particular, the reflectance in the medium infrared band (band 12 - SWIR),
sensitive to the knowledge content of the soil and growth, increased after the fire, while
in the near infrared region (band 8A - NIR) occurs a decline in reflectance due to the
demand for the chlorophyll content of the phytomass.

The Normalized Burn Ratio (NBR) index was created considering these charac-
teristics [14, 15] and is widely used to evaluate the severity of fire [17].

Fig. 3. Carpino – Parco Farnese fire. Sentinel 2 images before and after the fire (true colors,
false colors) in black the perimeter of the polygon of the burned area.
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In reference to Sentinel-2 images, the NBR is calculated as reported in Eq. 1:

NBR ¼ Band 8A�Band 12ð Þ= Band 8AþBand 12ð Þ ð1Þ

In addition, in order to evaluate the difference between pre- and post-fire NBR, the
dNBR index was calculated:

dNBR ¼ NBRpre fire�NBRpost fire ð2Þ

The dNBR index, being linked to the variation of the NBR values calculated before
and after the event, provides a measure of the effects of the fire and can therefore be
used to characterize the degree of severity of the fire (Fig. 4).

Fig. 4. dNBR Carpino – Parco Farnese fire (09/09/2019).

Table 1. Sentinel 2A overview.

Satellite Bands Range wavelength (nm) Resolution (m)

Sentinel 2 Band 1 –Coastal aereosol 443 60
Band 2 – Blue
Band 3 – Green
Band 4 – Red
Band 5 – Vegetation Red Edge
Band 6 – Vegetation Red Edge
Band 7 – Vegetation Red Edge
Band 8 – NIR
Band 8a –Vegetation Red Edge
Band 9 – Water vapour
Band 10 – SWIR – Cirrus
Band 11 – SWIR
Band 12 – SWIR

490
560
665
705
740
783
842
865
945
1375.3
1610.0
2190.0

10
10
10
20
20
20
10
20
60
60
20
20
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The QGIS software (www.qgis.org) is the tool used for all data processing and
spatial analyzes. In particular, for the management of satellite images, the reference is
the QGIS Semi-Automatic Classification Plugin (SCP) plugin. It allows you to
download satellite images and to do their pre and post processing.

2.3 RUSLE Methodology

Several soil erosion models exist with varying degrees ofcomplexity. One of the most
widely applied empirical models forassessing the sheet and rill erosion is the Universal
Soil Loss Equation (USLE), developed by Wischmeier and Smith in 1965 [31, 38].
Agriculture Handbook 703 [30] is a guide to conservation planning with the RUSLE.
With its revised (RUSLE) and modified (MUSLE) versions [35, 37, 38].

Pre- and post-fire soil loss have been calculated using the RUSLE (Revised
Universal Soil Loss Equation) model [8, 20, 22, 23], developed from the previous
USLE model [30] by resampling all parameters necessary for the spatial resolution of
Sentinel 2A (10 m). The estimate of the annual loss of soil according to the RUSLE
model (Eq. 3) is a function of five variables relating to the regime of rainfall, soil
characteristics, topography, coverage and management of crops and crop conservation
practices, according to the following formula:

A ¼ R� K� LS� C� P ð3Þ

Where:

A = annual soil loss (Mg � ha −1 � year −1);
R = precipitation erosion factor (MJ � mm � ha −1 � h −1 � year −1);
K = soil erodibility factor (Mg � h � MJ −1 � mm −1);
LS = slope length factor and slope steepness (dimensionless);
C = crop and cover management factor (dimensionless);
P = cultivation or anti-erosion (dimensionless) practice factor.

The erosion factor of the outflow of rainfall R (MJ � mm � ha−1 � h−1 � year−1),
constitutes a measure of the rain energy considered as the main erosive agent [25]. It is
calculated on the basis of the average monthly cumulated rainfall and was determined
using the following formula [35]

R ¼ 1163; 45þ 4; 9� H�35; 2� NRE�0:58� qð Þ ð4Þ

where H is mean value of annual precipitation, q is the site elevation using 5mt DTM
and NRE is the mean value of rainy events per year. K factor is obtained from the “Soil
Erodibility in Europe High Resolution Dataset” provided by the JRC’s European Soil
Data Centre (ESDAC) [30]. LS topographic factor was calculated with the support of
the QGIS software starting from the DTM with a grid size of 5 mt. For the calculation
of the LS factor at a point r located along a hilly slope, the following equation was
used [23].
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LS rð Þ ¼ lþ 1ð Þ a rð Þ=a0½ �l� ½sin b rð Þ=b0�n ð5Þ

C factor reflects the effects of surface coverage and roofing management on soil erosion
[16], where C is the cover management factor and a = 1.18.

C ¼ �a� SAVIþ 1 ð6Þ

For both the pre-fire and post-fire scenarios, the estimate of the factor C was carried out
on the basis of the calculation of vegetation indices derived from satellite. In particular,
the SAVI (Soil-Adjusted Vegetation Index) was used.

SAVI ¼ ½ N IR� REDð Þ � ð1þLÞ�= N IRþREDþLð Þ ð7Þ

where L is a correction factor and has been assumed equal to 0.5 while NIR and RED
are the reflectance values in the near infrared and red bands. SAVI is calculated using
the best Sentinel 2 images acquired pre and post-fire as close as possible, temporally, to
the date of the fire.

The cultivation or anti-erosion practice factor (P) is an expression of the effects of
agricultural management practices aimed at reducing water runoff and consequently
soil loss [18]. A is the forecast of soil lost one year after the fire.

The assessment of soil erosion before and after the fire was divided into the fol-
lowing three phases: (1) collection of geospatial data relating to the areas covered by
the fire; (2) development of RUSLE spatial factors for pre- and post-fire conditions;
(3) estimate of soil loss with RUSLE for pre and post fire scenarios (QGIS Raster
Calculator) considering the variations recorded by the factors K, LS and C, influenced
by the fires [19, 24, 29].

3 Result and Discussion

Applying methodology described allowed us to map fire severity for our nine study
sites, which were subsequently used as input for the RUSLE model parameters
estimation.

Figure 5 shows the calculation of the pre-fire RUSLE index (image on the left) and
of the post-fire (image on the right) in Lucera fire. It can be seen that the second image
has much larger areas (red), which indicate an increase in soil loss on areas that
previously showed a low erosion index.

The pre and post-fire RUSLE maps are compared for each study area, in Fig. 6
shows some example of the nine areas analyzed.
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It is immediately evident that wildfire always increases the amount of soil loss, but
there are also differences among the sites.

Thus, although the fire, according to the model, determines as expected, in all the
analyzed cases, an increase in the potential soil loss, this increase shows different trends
in the various sites. In relation to the high geological, geomorphological and vegeta-
tional variability, nine study sites were compared.

Fig. 5. Fire Lucera: RUSLE A pre and post fire factor. Annual post-fire soil erosion forecast.
(Color figure online)
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Fig. 6. Pre and post fire RUSLE and dNBR index: example of some analyzed areas.
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Fire severity (estimated through the dNBR and SAVI satellite-derived indices)
influences some RUSLE parameters. In the specific case, according to previous studies,
the K and LS factors of RUSLE were modified using dNBR index, while the C factor
was calculated as a function of the SAVI index.

4 Conclusion

Soil erosion is a serious problem in the Mediterranean area and is caused or aggravated
by human activities, such as inadequate agricultural practices, industrial activities, fires
or it urban and industrial development.

The result is less soil fertility and disruption of nutrient, this has direct repercus-
sions on quality of ecosystem, biodiversity and climate change (European Commission,
2006).

This work provides a contribution to the study of the phenomenon of soil erosion
caused by fires in the northern part of the Puglia Region, affected each year by
incendiary phenomena.

The sites analyzed generally present themselves as areas very subject to erosive
phenomena both for their geological and climatic characteristics, and for their high
susceptibility to fire. In relation to the high to the geological, geomorphological and
vegetational variability, nine study sites were compared.

Many authors have also investigated the relationships between fire severity and soil
loss. In conclusion, it can be said that soil erosion risk maps have been created from the
combination of many parameters interacting each others in a complex way generating
the final quantitative RUSLE values.

The final results confirm that the loss of soil undergoes a significant increase
following the fire, but also show that the intensity of this impact is different in relation
to the specific properties of the nine site (from a geological, geomorphological and
vegetational point of view).

This paper proved that the integration of soil erosion models with GIS and remote
sensing is a simple and effective tool for mapping and quantifying areas and rates of
soil erosion for the development of better soil conservation plans.

This study can be useful to spatial planning authorities as a tool for assessing and
monitoring eroded soil in areas affected by fires, representing a useful tool for land
management [18, 27, 28]. Future research will be aimed at validating the outputs of
RUSLE and deepening the use of the parameters of the model and will explore the link
between soil erosion monitoring and urban planning.
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