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Abstract

:

The increasing number of wildfires in southern Europe is making our ecosystem more vulnerable to water erosion; i.e., the loss of vegetation and subsequent runoff increase cause a shift in large quantities of sediment. Fire severity has been recognized as one of the most important parameters controlling the magnitude of post-fire soil erosion. In this paper, we adopted a combination of methods to easily assess post-fire erosion and prevent potential risk in subsequent rain events. The model presented is structured into three modules that were implemented in a GIS environment. The first module estimates fire severity with the Monitoring Trends in Burn Severity (MTBS) method; the second estimates runoff with rainfall depth–duration curves and the Soil Conservation Service Curve Number (SCS-CN) method; and the third estimates pre- and post-fire soil erosion. In addition, two post-fire scenarios were analyzed to assess the influence of fire severity on soil erosion: the former based on the Normalized Difference Vegetation Index (NDVI) and the latter on the Relative differenced Normalized Burn Index (RdNBR). The results obtained in both scenarios are quite similar and demonstrate that transitional areas, such as rangelands and rangelands with bush, are the most vulnerable because they show a significant increase in erosion following a fire event. The study findings are of secondary importance to the combined approach devised because the focal point of the study is to create the basis for a future tool to facilitate decision making in landscape management.
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1. Introduction


In the last decade, an increasing number of fires have occurred in southern Europe, causing severe damage to property, infrastructure, and natural resources [1]. The combination of climate change and human activities incrementing fire events has made our ecosystems more vulnerable to wildfires [2]. Post-fire soil erosion represents one of the most important detrimental indirect effects of fires in the Mediterranean countries of southern Europe. It has been well demonstrated that soil erosion and loss of slope stability increase as a result of fire occurrence [3,4,5,6,7].



Wildfires alter vegetation cover such as shrubs and trees, often causing severe damage to stems and total loss of canopy [2,8,9]. This may generate long-term impacts on the landscape because plants and trees lose their ability to stabilize the soil [10,11]. Root systems anchor the soil making it stable beneath the surface layer [12]. Low plants provide ground cover from wind, while higher trees limit the strength of rain before hitting the ground. Once plants are established, their life cycles help return nutrients to the soil to encourage future plant growth and maintain adequate moisture levels thus reducing soil erosion [13,14]. More specifically, after fire occurrence, there is a loss of nutrient-storage capacity in the soil [15,16], a reduction in the content of microorganisms and their activity [17], followed by loss of vegetation with time, increasing runoff and the shift of sediment [18,19,20,21]. During the storm season, these effects can evolve into flooding events, landslides and, more broadly, in an augmented vulnerability of the soil to water erosion [22,23].



Certainly, the response of soil to post-fire erosion is manifold and varies with the spatial scale and interaction of many other factors such as land use, climate conditions, soil typologies and characteristics, topography, landscape management, and fire regimes [24]. Among fire regime characteristics, severity is recognized as one of the most important parameters guiding and controlling the magnitude of the soil’s vulnerability to erosion and post-fire soil erosion rates (e.g., [25,26,27]). Low-severity fires generate an increase in soil erosion in the short term (the first events following the fire), while high-severity fires can affect runoff in the long term (2–3 years) [28,29,30], sometimes for four [31,32] to seven years [33]. In this context, fire severity estimates in combination with accurate spatial modeling of post-fire soil erosion could be an effective tool for scientists and policy makers to evaluate risk for people and natural resources, to integrate prevention and mitigation strategies and plan landscape restoration [21,34,35].



Many authors have attempted to develop valuable models to assess post-fire soil erosion in combination with fire severity based on different approaches [36,37,38,39]. Benavides-Solorio and MacDonald [25] determined whether runoff and sediment yields were significantly related to biophysical site-specific predictors (e.g., burn severity, percentage of cover, soil water repellency) using field observation and geospatial data in Colorado, USA. Fox et al. [40] developed a POSTFIRE model to quantify potential runoff risk and estimate soil erosion rates in the South of France. Efthimiou et al. [41] evaluated the effects of a wildland urban-interface fire in 2018 on soil erosion using fire severity, field samples and Earth Observation data (Sentinel-2) in Greece. Moreover, the Soil and Water Assessment Tool (SWAT) was applied in Portugal to estimate the increase in terms of runoff and sediment concentration at basin and sub-basin scale [42]. Moreover, the RUSLE and the Water Erosion Prediction Project (WEPP) were implemented and compared in Spain to assess the erosion one year after the fire occurrence [43]. Many of these research methods, however, such as the physically based models, are complex and require a lot of input data [44] which involve great investments for field observations. Hence, such tools are not often useful for decision makers [45]. The modernization of computational tools and the parallel increase in remote sensing data availability allows us to develop streamlined approaches and practical tools for decision makers to assess post-fire soil erosion at a site-specific scale. Lopes et al. [44] pointed out that the parametrization in the new post-fire models is a fundamental aspect and should take into account more precisely the infiltration changes and relating the cover factor with the burn severity. As a result, they will be able to quickly assess post-fire soil erosion and prevent potential risk in a subsequent rain event.



In light of the above, this study estimated fire severity, runoff, and consequent soil erosion by creating a combination of methods that accelerates assessment of the vulnerability of burned sites. By adopting remote sensing data, we provide a short-term estimation of post-fire soil erosion for the immediate planning of burned area restoration. Four case study examples located in southern Italy were used as test-beds. Our combining approach, at this level of detail, could represent an effective tool to facilitate decision making in landscape management.




2. Materials and Methods


2.1. Study Area


The Apulia region represents the easternmost region in Italy and is located at a latitude of 39°50′–41°50′N and a longitude of 15°50′–18°50′E (Figure 1a). The climate is typically Mediterranean with mild rainy winters, dry hot summers and rainfall in the form of short but intense storms. It is precisely in summer that most of the wildfires occur, favored by these climatic conditions and moderate-to-high mean wind speed.



Apulia’s landscape is characterized by a great variety of species and boasts a significant geological and natural heritage. Despite this variety, according to the National Forest Inventory (2015) [46], the forests in Apulia cover an area of 189,086 ha, which represents 9.7% of the territory, an amount significantly lower than the national average. About one sixth of this area was affected by fires in the period between 2005 and 2016 [47].



Our combining approach was tested on four study sites (Figure 1b) derived from the 2019 summer wildfire database (provided by the Apulia Region Civil Protection Department). The sites were selected on the basis of their slope characteristics and the presence of natural areas such as deciduous wood, transitional woodlands, natural grassland, bushes and shrubs, and sparsely vegetated areas. One site is located on the Tavoliere Plain, a large expanse covering 3000 km2 and about 15% of the total area of the Apulia region (Figure 1a). Geologically, it is part of a sedimentary basin originating in the early Pliocene during the final phases of orogenesis of the southern Apennines. Therefore, the outcropping soils essentially consist of marine sediments (Plio-Pleistocene clays) and alluvial deposits (gravels, sands, and silts) [48,49]. The study site can be considered a wildland urban interface, precisely located in the municipality of Lucera (LUC, Figure 1c). The LUC site is characterized by deciduous woods, transitional woodlands, natural grassland, and sparsely vegetated areas. The other three study sites are located on the Gargano promontory. This landscape is characterized by a relevant and heterogeneous geodiversity. It consists of extrusions of carbonate rocks in different sedimentary contexts, strongly modeled by tectonic systems [50]. Gargano (Figure 1a) is also considered a hot spot in terms of wildfire occurrence and frequency [47,51,52]. The study sites, located in the municipalities of Carpino (CAR, Figure 1d) and Ischitella (ISC_1, Figure 1e and ISC_2, Figure 1f), are characterized by deciduous woods, transitional woodlands, natural grassland, pastures, bushes and shrubs, and olive groves.



The four study sites were burned by wildfires between July and August of 2019. The largest (39.5 ha) occurred in Lucera and affected a hillslope with slopes between 5% and 50%. The other three wildfire events affected smaller areas with slope not exceeding 30% (Table 1).




2.2. Model Description


The combining approach consists of three modules, based on the structure of the POSTFIRE model proposed by Fox et al. [40], which are:




	
Fire severity classification



	
Runoff—pre- and post-fire scenario



	
Erosion—pre- and post-fire scenario








2.2.1. Fire Severity Classification Module


In this module, the methodology of the Monitoring Trends in Burn Severity (MTBS) program was used for the identification of the burned areas and the classification of fire severity. This method provides a classification that considers the ecological significance and the site dependence of fire severity. As a consequence, the thresholds of fire severity classes are defined for each study site following the instructions provided by the MTBS program [53,54,55]. According to the aim of our study, an initial assessment was performed acquiring images within a short time pre- and post-fire event [54,56]. Firstly, the fire events were identified from the wildfire point database of the Apulia Region Civil Protection Department. Subsequently, the perimeters of the burned areas were identified starting from these punctual data and using different tools, as provided in the MTBS methodology. The analyses were performed using the land use map of Apulia Region derived from CORINE Land Cover [57], high-resolution True Color Image (TCI) from Google Earth and Esri World Imagery [58,59], and Level-1C products of a Sentinel-2 (S-2) satellite [60]. The S-2 images were cloud-free (Supplementary Table S1) and subjected to Top of the Atmosphere corrections. By combining different wavebands, the following indices and images were obtained:




	
differenced Normalized Burn Index (dNBR):










dNBR = NBRpre-fire − NBRpost-fire



(1)




where:


NBR = NIR − SWIR/NIR + SWIR



(2)




where NIR is the near-infrared band and SWIR is the shortwave infrared band [56];




	
differenced Normalized Difference Vegetation Index (dNDVI):










dNDVI = NDVIpre-fire − NDVIpost-fire



(3)




where:


NDVI = NIR − RED/NIR + RED



(4)




where NIR represents the near-infrared band and RED the red wavebands [61];




	
TCI from Sentinel-2 Level-1C products;



	
pre- and post-fire SWIR composite images.








Lastly, fire severity was analyzed to identify the significant thresholds for each wildfire useful for discriminating the 4 severity classes: unburned, low, moderate, and high, as provided in the MTBS methodology. In addition to the products previously listed, the Relative differenced Normalized Burn Index (RdNBR) [62] was used for the interpretation of pixels subject to high severity:


RdNBR = dNBR/(SquareRoot (ABS(NBRpre-fire)))



(5)








2.2.2. Runoff Module


In the second module, the Soil Conservation Service Curve Number (SCS-CN) method [63,64] was used for computing the depth of surface runoff (RO, mm) for a given rainfall event both under pre- and post-fire conditions. Consequently, the module was divided into two submodules: the first aimed at rainfall analysis and the second at calculating runoff.



The meteorological stations of interest for the study sites were identified by building Thiessen polygons [65] of the Apulia networks of the Regional Agency for Irrigation and Forestry Activities (ARIF) and Apulia Region Civil Protection Department. Time series of daily rainfall data were analyzed. After estimating the parameters using the moment method [66] and evaluating their fit with the Kolmogorov–Smirnov test [67], the data were modeled using the Gumbel distribution to obtain depth–duration–frequency curves [68,69,70]. The values of the depth of probable maximum precipitation (PMP) for a 1-day duration and 1.5-year return period [40] were extrapolated from the curves obtained.



According to the SCS-CN method, RO was evaluated using the following equations:


   {      R O =      (  P − 0.2 S  )   2    P + 0.8 S         P > 0.2 S         R O = 0                                 P   ≤ 0.2 S        



(6)






  S = 25.4    (    1000   C N   − 10  )   



(7)




where P (mm) is the value of daily rainfall with a 1.5-year return period; S (mm) is the potential infiltration; CN (dimensionless) is the curve number that ranges from 1 to 100 depending on the hydrological soil group and cover type, treatment, and hydrological condition.



Land use was harmonized and classified into the following macro-categories: deciduous forest, olive grove, rangeland, and rangeland with bush. The specific land use and area (percentage) for each case study are reported in Supplementary Table S2.



In the pre-fire scenario, CN values provided by the Apulia section of the Southern Apennine District Basin Authority [71] were used (Table 2). CNs were adjusted with the Antecedent Moisture Condition parameter (AMC) according to Hawkins et al. [72]. The AMC parameter depends on the total of 5 days preceding the rainfall event (three classes: I, II, and III representative of dry, average, and wet soil condition) and the season category (dormant or growing). The worst hydrological conditions occur when soil is almost saturated, and the excess precipitation is transformed into runoff [73]. For this reason, the AMCIII (highest soil moisture) class was considered (Supplementary Table S3).



In the post-fire scenario, soil permeability decreased [74]. Based on much scientific literature, which uses simulation of different scenarios coupled with a land use update model to assess wildfire effects, we increased CNIIIs by 15, 10, 5, and 0 for the high, moderate, low, and unburned fire severity classes, respectively [42,75].




2.2.3. Erosion Module


The soil erosion module is based on the POSTFIRE model proposed by Fox et al. [40], which provides a combination of different previously created layers in a GIS environment to obtain both erosion pre-fire and post-fire maps. In the combining approach, to introduce the influence of fire severity on soil erosion, two different post-fire scenarios were proposed: NDVI-scenario and RdNBR-scenario.



Due to the absence of data measured directly in field, the sediment concentration values for the main land uses detected in the study areas were retrieved from the Soil and Water Assessment Tool (SWAT) [76]. The SWAT is a semi-distributed hydrological model that can be used to compute the streamflow and sediment transport in a watershed and to assess the results at different spatial and temporal scales [77]. Abdelwahab et al. [78] calibrated and validated the SWAT model in the Dauno Sub-Apennine area using continuously measured data of streamflow and sediment load. Moreover, the spatialized model results, in terms of sediment yield, were cross-validated by comparing them with the soil erosion data obtained by Panagos et al. [79] using the European model RUSLE2015 showing good agreement [78]. Hence, in this work the SWAT model sediment concentration spatialized findings were first subdivided into the different land uses and then into the main slope classes according to Fox et al. [40] (Table 3).



Pre-fire and post-fire erosion values were obtained by combining runoff, slope classes and sediment concentration GIS layers. For each studied site, two post-fire scenarios were implemented. In the NDVI-scenario, an NDVI severity factor (NDVISF) was considered to correlate the change in vegetation cover with soil erosion [41,80]. This factor was obtained using the following Equation (8):


    NDVI   SF   =  {      1 +   dNDVI     NDVI   pre            1            dNDVI     NDVI   pre     > 0           dNDVI     NDVI   pre       ≤ 0      



(8)







The higher values are representative of the pixels where the change in vegetation cover in the post-fire scenario was higher.



In the second scenario, a RdNBR severity factor (RdNBRSF) was considered to correlate fire severity with soil erosion. In this case initially, all the RdNBR negative values were set to 0 because they relate to an increase in vegetation cover and therefore do not contribute to an increase in erosion in the post-fire scenario [62]. Subsequently, a min-max normalization was applied to the RdNBR values and the RdNBR factor was obtained using the following Equation (9).


    RdNBR   SF   = 1 +  Normalized     (  RdNBR  )   



(9)










3. Results


3.1. Fire Severity Classification


The fire severity classification (Figure 2) showed a predominance of the moderate severity class (~30%–40% of the case study areas). The most fire-prone area is the LUC site where approximately 75% of the deciduous forest (>60% of the total LUC area) was affected by a low- to high-severity fire (Figure 3).



Figure 3 shows that regardless of the area occupied in the site by rangelands (33% LUC, 46% CAR, 37% ISC_1, 11% ISC_2), this land use was the most affected by fire (80% LUC, 85% CAR, 95% ISC_1, 90% ISC_2). On the contrary, olive groves showed lower burnt area rates (35% ISC_1, 68% ISC_2), even when the land use is widespread as in the case study (63% ISC_1, 45% ISC_2).




3.2. Rainfall and Runoff


In the second module the PMP depth for a 1-day duration and 1.5-year return period was calculated for each study site (Table 4). Starting from these data and the application of the SCS-CN method, as previously described, the pre- and post-fire runoff values were obtained (Supplementary Figure S1).



Variations in runoff values are due to both the fire severity class and the hydrological soil group. As shown in Table 5, the influence of these factors caused a variation between 10%–50% of runoff. The exceptions are olive groves, where the runoff variation was less than 10%, and two cases where runoff increased more than 50% (i.e., ISC_1—Rangeland, CAR—Deciduous forest).




3.3. Erosion


The results obtained in the third module are presented in Table 6. The average post-fire erosion values per land use in the pre- and post-fire scenarios (NDVI and RdNBR) within the study sites are reported. Higher values of average erosion, both pre- and post-fire, were observed in the rangelands. The differences between the average values of erosion in the NDVI and RdNBR scenarios were never more than 5% (order of hundredths), and the greatest values could be found in the rangelands. At the study site level, the greatest differences between the two scenarios were found in the site, as shown also in Figure 4. The figure shows the erosion values (t/ha) following a PMP for a 1-day duration and 1.5-year return period under a pre-fire condition and in the two post-fire scenarios (NDVI and RdNBR). In all study sites the results showed a tendency for eroded sediment to increase by 50% in the low-severity class, between 100% and 150% in the moderate class and between 150% and 300% in the high-severity class. As an example, Figure 5 illustrates the box plots of soil erosion values for each fire severity class and land use in the three scenarios of the LUC site.





4. Discussion


4.1. Fire Severity Classification


Our study aim was to identify the areas most vulnerable to the action of atmospheric agents in the short term after fire events. For this reason, the first step of the model was the classification of fire severity, which is associated with the degree of immediate post-fire environmental changes (biomass, fire products, and soil exposure) caused by fire and evaluated with an initial assessment [56,81,82]. In addition to supporting the initial assessment, the MTBS method allows the evaluation of fire effects on heterogeneous areas [54,55], such as those of the case studies (Figure 3). The analysis of severity classification shows that the areal percentage of fire severity class per land use is site-dependent, i.e., amount of land use present in the site, border, or central location. However, rangelands demonstrate fire-prone behavior. As previously shown, rangelands are the land use most affected by fire. On the contrary, olive groves show lower burnt area rates even when this land use is widespread in the case study. These results are supported by D’Este et al. [83].



The MTBS model is robust, and the program has developed a tool which uses threshold ranges to identify fire severity classes for ecological systems that differ from those present in the Apulia region. Fire severity classification is, in fact, site-dependent. The identification of class thresholds is subjective [54], and the results obtained from the spectral indices are influenced by the vegetation characteristics as well [84]. Therefore, further studies on the severity of the green areas of Apulia are needed to define which spectral indices are most suitable for assessing severity and to obtain threshold ranges of severity classes. These are operations that would expedite severity classification.




4.2. Rainfall and Runoff


The runoff module was structured to consider the worst conditions affecting post-fire erosion and therefore runoff. Determining rainfall thresholds for the runoff estimates is not sufficient given the many variables which influence the phenomenon. These variables partly depend on the variability of the site (e.g., burn severity, speed of vegetation recovery, sediment availability, and geomorphology) [85,86] and partly on rainfall. The literature has widely demonstrated that few (albeit intense) events favor major erosion phenomena [30,33,87,88,89]. It also has been shown, however, that erosion depends on the space-time variability of the rains and on cumulative rainfall. In particular, intense rainfall combined with reduced infiltration leads to decreased hydraulic conductivity increasing runoff, especially in soils in which infiltration-excess mechanisms are prevalent, such as in the Mediterranean environment [90]. The increase in soil water repellence in the first period after fire occurrence is one of the possible causes of decreased infiltration capacity [91]. The AMC is also an aspect to consider. In fact, as stated by Todisco et al. [85], the cumulative rain fallen before the fire event influences soil moisture and its characteristics (e.g., soil infiltration capacity, land use), which control runoff and sediment concentration.



The CN method used in our approach to estimate surface runoff was selected because of its dependence on soil permeability, land use and AMC [64]. To evaluate the highest potential runoff, a CN value corresponding to the worst hydrological conditions (AMCIII) was assigned to each land use. The combination of the CN-AMCIII values with PMP depth, calculated for a 1-day duration and 1.5-year return period, as assumed by Fox et al. [40], allowed to estimate runoff (see Equations (6) and (7)). The variations obtained in the post-fire runoff between 10% and 50% are consistent with the results of other studies [7,42,86,92,93,94]. Therefore, this approach considers many factors that determine rainfall erosivity. Nevertheless, improvements are plausible by considering other rain durations or by calculating intensity–duration–frequency curves.




4.3. Erosion


In the erosion module, the erosion values (t/ha) following a PMP for a 1-day duration and 1.5-year return period were calculated in a pre-fire condition and in the two post-fire scenarios—NDVI and RdNBR. Many studies have modeled the erosion assessment, but only 1.4% include an assessment of wildfire effects [95]. This explains the difficulty encountered in our research with regard to sediment concentration data in post-fire scenarios. Furthermore, sediment concentration is site-dependent [42,89,96,97,98]. For these reasons, data relating to pre-fire conditions but referring to green areas in Apulia [78] were used in our combining approach. This represents a limitation of the model, which may be overcome through field studies following fire events.



The use of the SWAT model sediment concentration spatialized output subdivided into different slope classes, as previously described, allowed to consider slope, which appears to be one of the factors that most influence erosion [99]. In fact, slope is one of the main factors in empirical formulas used for the estimation of erosion [37,100].



To compensate the lack of post-fire sediment concentration data, we introduced two factors that take fire severity into account: NDVISF and RdNBRSF. These two factors derive from two different spectral indices; the former from the NDVI, directly related to the amount of green biomass, and the latter from the RdNBR, which is sensitive to changes in the amount of live vegetation, moisture content, and some post-fire soil conditions without the pre-fire variability in vegetation composition of NBR [56,62]. With these two severity factors, two post-fire scenarios were developed. Despite the different characteristics of the two factors, the results of the two scenarios obtained are comparable, with differences in the order of a hundredth.



The study results show that rangelands and rangelands with bush are the most vulnerable land uses (i.e., greater increase in erosion values) and are therefore exposed to greater risk. These classes, which exhibited fire-prone behavior with high areal percentage under moderate- and high-fire severity conditions regardless of the area occupied in the site (Figure 3), easily remain bare after the occurrence of a fire. This leads to negatively influence soil properties, such as organic matter content and aggregate stability [101]. Hence, the raindrop effect and, consequently, soil erosion increase [102].




4.4. General Remarks and Future Work


The model presented in this work was developed to provide a useful tool to easily assess post-fire erosion and prevent potential risk in subsequent rain events. The three modules of the model are structured so they can be implemented in a GIS environment by users with soft skills in hydrology and satellite image elaborations. Moreover, it does not require much input data, unlike the more complex hydrological models. In addition, its framework allows the model to adapt to different environments and different spatial and temporal scales.



Future studies are needed to compare our combining approach with other validated models (such as models that evaluate post-fire erosion using RUSLE, SWAT or WEPP) to assess its level of correctness. After this phase, more studies are needed to create a comprehensive tool which could be more expeditious for the assessment of vulnerable sites once the wildfire season is over and for the immediate planning of burned area restoration. For example, a single factor could be introduced that takes into account the severity of the fire and other characteristics of the site without considering post-fire sediment concentrations. Additionally, other remote sensing indices can be used to create new scenarios improving the tool according to biophysical and environmental conditions of study sites [84,103].





5. Conclusions


This study has attempted to provide a combination of methods to estimate post-fire soil erosion for the immediate planning of burned area restoration. Our findings in Apulia are of secondary importance to the approach we have devised because the focal point of the present study is to create the basis for a future tool to be adopted by civil protection or landscape managers. Simplicity and accessibility to a wide range of users make this approach of great practical significance. Furthermore, the production of increasingly accurate and precise remote sensing data will only further improve the use of the tool in supporting policy and management decisions for each fire season at different scales. Once the tool identifies burn sites with the highest post-fire soil erosion, it can be helpful in terms of landscape management for two important reasons. The first deals with the prioritization of soil bioengineering interventions for reducing soil erosion as well as for bolstering protective actions, and the second concerns the budgeting of human and financial resources.








Supplementary Materials


The following are available online at https://www.mdpi.com/article/10.3390/f12081105/s1, Table S1: Dates of Sentinel-2 Level-1C products used in the study, Table S2: Areal percentage of land use per study site, Table S3: CN-AMCIII per land use and soil group used for each study site, Figure S1: Pre- and post-fire runoff values (mm) for each study site: (a,b) LUC; (c,d) CAR; (e,f) ISC_1; (g,h) ISC_2.





Author Contributions


Conceptualization, I.A. and M.E.; data curation, I.A., G.F.R. and M.D.; formal analysis, I.A. and G.F.R., investigation, I.A. and M.E., methodology, I.A. and G.F.R.; supervision, F.G. and G.S.; writing—original draft preparation, I.A., M.E. and G.F.R.; writing—review and editing, I.A., G.F.R., M.E., M.D., V.G., F.V.R., F.G. and G.S. All authors have read and agreed to the published version of the manuscript.




Funding


This research received no external funding.




Data Availability Statement


Not applicable.




Acknowledgments


The authors would like to thank the Apulia Region Civil Protection Department, Regional Agency for Irrigation and Forestry Activities (ARIF) and the Apulia section of Southern Apennine District Basin Authority for having shared the data necessary for implementation of the model.




Conflicts of Interest


The authors declare no conflict of interest.




References


	



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

	



Elia, M.; D’Este, M.; Ascoli, D.; Giannico, V.; Spano, G.; Ganga, A.; Colangelo, G.; Lafortezza, R.; Sanesi, G. Estimating the Probability of Wildfire Occurrence in Mediterranean Landscapes Using Artificial Neural Networks. Environ. Impact Assess. Rev. 2020, 85, 106474. [Google Scholar] [CrossRef]

	



Johansen, M.P.; Hakonson, T.E.; Breshears, D.D. Post-Fire Runoff and Erosion from Rainfall Simulation: Contrasting Forests with Shrublands and Grasslands. Hydrol. Process. 2001, 15, 2953–2965. [Google Scholar] [CrossRef]

	



Martin, D.A.; Moody, J.A. Comparison of Soil Infiltration Rates in Burned and Unburned Mountainous Watersheds. Hydrol. Process. 2001, 15, 2893–2903. [Google Scholar] [CrossRef]

	



Meyer, G.A.; Pierce, J.L.; Wood, S.H.; Jull, A.J.T. Fire, Storms, and Erosional Events in the Idaho Batholith. Hydrol. Process. 2001, 15, 3025–3038. [Google Scholar] [CrossRef]

	



Benavides-Solorio, J.D.D.; Macdonald, L.H. Measurement and Prediction of Post-Fire Erosion at the Hillslope Scale, Colorado Front Range. Int. J. Wildland Fire 2005, 14, 457–474. [Google Scholar] [CrossRef]

	



Shakesby, R.; Doerr, S. Wildfire as a Hydrological and Geomorphological Agent. Earth Sci. Rev. 2006, 74, 269–307. [Google Scholar] [CrossRef]

	



Miller, J.D.; Yool, S.R. Mapping Forest Post-Fire Canopy Consumption in Several Overstory Types Using Multi-Temporal Landsat TM and ETM Data. Remote Sens. Environ. 2002, 82, 481–496. [Google Scholar] [CrossRef]

	



D’Este, M.; Elia, M.; Giannico, V.; Spano, G.; Lafortezza, R.; Sanesi, G. Machine Learning Techniques for Fine Dead Fuel Load Estimation Using Multi-Source Remote Sensing Data. Remote Sens. 2021, 13, 1658. [Google Scholar] [CrossRef]

	



Cerdà, A.; Doerr, S.H. Influence of Vegetation Recovery on Soil Hydrology and Erodibility Following Fire: An 11-Year Investigation. Int. J. Wildland Fire 2005, 14, 423–437. [Google Scholar] [CrossRef]

	



Pereira, P.; Mataix-Solera, J.; Ubeda, X.; Reain, G.; Cerdà, A. Fire Effects on Soil Properties; CSIRO Publishing: Collingwood, Australia, 2019. [Google Scholar]

	



Mattia, C.; Bischetti, G.B.; Gentile, F. Biotechnical Characteristics of Root Systems of Typical Mediterranean Species. Plant. Soil 2005, 278, 23–32. [Google Scholar] [CrossRef]

	



Efthimiou, N.; Psomiadis, E. The Significance of Land Cover Delineation on Soil Erosion Assessment. Environ. Manag. 2018, 62, 383–402. [Google Scholar] [CrossRef] [PubMed]

	



Gyssels, G.; Poesen, J.; Bochet, E.; Li, Y. Impact of Plant Roots on the Resistance of Soils to Erosion by Water: A Review. Prog. Phys. Geogr. 2005, 29, 189–217. [Google Scholar] [CrossRef]

	



Thomas, A.D.; Walsh, R.P.D.; Shakesby, R.A. Nutrient Losses in Eroded Sediment after Fire in Eucalyptus and Pine Forests in the Wet Mediterranean Environment of Northern Portugal. Catena 1999, 36, 283–302. [Google Scholar] [CrossRef]

	



Thomas, A.D.; Walsh, R.P.D.; Shakesby, R.A. Post-Fire Forestry Management and Nutrient Losses in Eucalyptus and Pine Plantations, Northern Portugal. Land Degrad. Dev. 2000, 11, 257–271. [Google Scholar] [CrossRef]

	



Wang, Q.; Zhong, M.; Wang, S. A Meta-Analysis on the Response of Microbial Biomass, Dissolved Organic Matter, Respiration, and N Mineralization in Mineral Soil to Fire in Forest Ecosystems. For. Ecol. Manag. 2012, 271, 91–97. [Google Scholar] [CrossRef]

	



Shakesby, R.A. Post-Wildfire Soil Erosion in the Mediterranean: Review and Future Research Directions. Earth Sci. Rev. 2011, 105, 71–100. [Google Scholar] [CrossRef]

	



Cawson, J.G.; Sheridan, G.J.; Smith, H.G.; Lane, P.N.J. Surface Runoff and Erosion after Prescribed Burning and the Effect of Different Fire Regimes in Forests and Shrublands: A Review. Int. J. Wildland Fire 2012, 21, 857–872. [Google Scholar] [CrossRef]

	



Certini, G. Effects of Fire on Properties of Forest Soils: A Review. Oecologia 2005, 143, 1–10. [Google Scholar] [CrossRef]

	



Cerda, A. Fire Effects on Soils and Restoration Strategies, 1st ed.; Cerdà, A., Robichaud, P.R., Eds.; CRC Press: Boca Raton, FL, USA, 2009; ISBN 9781578085262. [Google Scholar]

	



Francos, M.; Pereira, P.; Alcañiz, M.; Mataix-Solera, J.; Úbeda, X. Impact of an Intense Rainfall Event on Soil Properties Following a Wildfire in a Mediterranean Environment (North-East Spain). Sci. Total Environ. 2016, 572, 1353–1362. [Google Scholar] [CrossRef]

	



Cannon, S.H.; Kirkham, R.M.; Parise, M. Wildfire-Related Debris-Flow Initiation Processes, Storm King Mountain, Colorado. Geomorphology 2001, 39, 171–188. [Google Scholar] [CrossRef]

	



Moody, J.A.; Shakesby, R.A.; Robichaud, P.R.; Cannon, S.H.; Martin, D.A. Current Research Issues Related to Post-Wildfire Runoff and Erosion Processes. Earth Sci. Rev. 2013, 122, 10–37. [Google Scholar] [CrossRef]

	



Benavides-Solorio, J.; MacDonald, L.H. Post-Fire Runoff and Erosion from Simulated Rainfall on Small Plots, Colorado Front Range. Hydrol. Process. 2001, 15, 2931–2952. [Google Scholar] [CrossRef]

	



Francos, M.; Úbeda, X.; Tort, J.; Panareda, J.M.; Cerdà, A. The Role of Forest Fire Severity on Vegetation Recovery after 18 Years. Implications for Forest Management of Quercus Suber L. in Iberian Peninsula. Glob. Planet. Chang. 2016, 145, 11–16. [Google Scholar] [CrossRef]

	



Vega, J.A.; Fernández, C.; Fonturbel, T. Throughfall, Runoff and Soil Erosion after Prescribed Burning in Gorse Shrubland in Galicia (NW Spain). Land Degrad. Dev. 2005, 16, 37–51. [Google Scholar] [CrossRef]

	



Soto, B.; Díaz-Fierros, F. Runoff and Soil Erosion from Area of Burnt Scrub: Comparison of Experimental Results with Those Predicted by the WEPP Model. Catena 1998, 31, 257–270. [Google Scholar] [CrossRef]

	



Inbar, M.; Tamir, M.; Wittenberg, L. Runoff and Erosion Processes after a Forest Fire in Mount Carmel, a Mediterranean Area. Geomorphology 1998, 24, 17–33. [Google Scholar] [CrossRef]

	



Lavee, H.; Kutiel, P.; Segev, M.; Benyamini, Y. Effect of Surface Roughness on Runoff and Erosion in a Mediterranean Ecosystem: The Role of Fire. Geomorphology 1995, 11, 227–234. [Google Scholar] [CrossRef]

	



Brown, J.A.H. Hydrologic Effects of a Bushfire in a Catchment in South-Eastern New South Wales. J. Hydrol. 1972, 15, 77–96. [Google Scholar] [CrossRef]

	



Candela, A.; Aronica, G.; Santoro, M. Effects of Forest Fires on Flood Frequency Curves in a Mediterranean Catchment/Effets d’incendies de Forêt Sur Les Courbes de Fréquence de Crue Dans Un Bassin Versant Méditerranéen. Hydrol. Sci. J. 2005, 50, 206. [Google Scholar] [CrossRef]

	



Mayor, A.G.; Bautista, S.; Llovet, J.; Bellot, J. Post-Fire Hydrological and Erosional Responses of a Mediterranean Landscpe: Seven Years of Catchment-Scale Dynamics. Catena 2007, 71, 68–75. [Google Scholar] [CrossRef]

	



González-Ochoa, A.I.; López-Serrano, F.R.; de Las Heras, J. Does Post-Fire Forest Management Increase Tree Growth and Cone Production in Pinus Halepensis? For. Ecol. Manag. 2004, 188, 235–247. [Google Scholar] [CrossRef]

	



García-Orenes, F.; Arcenegui, V.; Chrenková, K.; Mataix-Solera, J.; Moltó, J.; Jara-Navarro, A.B.; Torres, M.P. Effects of Salvage Logging on Soil Properties and Vegetation Recovery in a Fire-Affected Mediterranean Forest: A Two Year Monitoring Research. Sci. Total Environ. 2017, 586, 1057–1065. [Google Scholar] [CrossRef]

	



Coschignano, G.; Nicolaci, A.; Ferrari, E.; Cruscomagno, F.; Iovino, F. Evaluation of Hydrological and Erosive Effects at the Basin Scale in Relation to the Severity of Forest Fires. IForest 2019, 12, 427–434. [Google Scholar] [CrossRef]

	



Lanorte, A.; Cillis, G.; Calamita, G.; Nolè, G.; Pilogallo, A.; Tucci, B.; de Santis, F. Integrated Approach of RUSLE, GIS and ESA Sentinel-2 Satellite Data for Post-Fire Soil Erosion Assessment in Basilicata Region (Southern Italy). Geomat. Nat. Hazards Risk 2019, 10, 1563–1595. [Google Scholar] [CrossRef]

	



Stavi, I. Wildfires in Grasslands and Shrublands: A Review of Impacts on Vegetation, Soil, Hydrology, and Geomorphology. Water 2019, 11, 1042. [Google Scholar] [CrossRef]

	



Rulli, M.C.; Rosso, R. Hydrologic Response of Upland Catchments to Wildfires. Adv. Water Resour. 2007, 30, 2072–2086. [Google Scholar] [CrossRef]

	



Fox, D.M.; Laaroussi, Y.; Malkinson, L.D.; Maselli, F.; Andrieu, J.; Bottai, L.; Wittenberg, L. POSTFIRE: A Model to Map Forest Fire Burn Scar and Estimate Runoff and Soil Erosion Risks. Remote Sens. Appl. Soc. Environ. 2016, 4, 83–91. [Google Scholar] [CrossRef]

	



Efthimiou, N.; Psomiadis, E.; Panagos, P. Fire Severity and Soil Erosion Susceptibility Mapping Using Multi-Temporal Earth Observation Data: The Case of Mati Fatal Wildfire in Eastern Attica, Greece. Catena 2020, 187, 104320. [Google Scholar] [CrossRef]

	



Basso, M.; Vieira, D.C.S.; Ramos, T.B.; Mateus, M. Assessing the Adequacy of SWAT Model to Simulate Postfire Effects on the Watershed Hydrological Regime and Water Quality. Land Degrad. Dev. 2020, 31, 619–631. [Google Scholar] [CrossRef]

	



Fernández, C.; Vega, J.A. Evaluation of the Rusle and Disturbed Wepp Erosion Models for Predicting Soil Loss in the First Year after Wildfire in NW Spain. Environ. Res. 2018, 165, 279–285. [Google Scholar] [CrossRef]

	



Lopes, A.R.; Girona-García, A.; Corticeiro, S.; Martins, R.; Keizer, J.J.; Vieira, D.C.S. What Is Wrong with Post-Fire Soil Erosion Modelling? A Meta-Analysis on Current Approaches, Research Gaps, and Future Directions. Earth Surf. Process. Landf. 2021, 46, 205–219. [Google Scholar] [CrossRef]

	



Elia, M.; Lafortezza, R.; Colangelo, G.; Sanesi, G. A Streamlined Approach for the Spatial Allocation of Fuel Removals in Wildland–Urban Interfaces. Landsc. Ecol. 2014, 29, 1771–1784. [Google Scholar] [CrossRef]

	



Inventario Nazionale Delle Foreste e Dei Serbatoi Forestali Di Carbonio—INFC. Available online: https://www.inventarioforestale.org/ (accessed on 29 September 2020).

	



Regione Puglia—Sezione Protezione Civile. Piano Di Previsione, Prevenzione e Lotta Attiva Contro Gli Incendi Boschivi 2018–2020; Regione Puglia—Sezione Protezione Civile: Bari, Italy, 2018. [Google Scholar]

	



Pieri, P.; Gallicchio, S.; Moretti, M.; Ciaranfi, N.; Festa, V.; Maiorano, P.; Tropeano, M.; Maggiore, M.; Walsh, N. Note Illustrative Della Carta Geologica D’italia Alla Scala 1:50.000 Foglio 407—San Bartolomeo in Galdo; Istituto Superiore per la Protezione e la Ricerca Ambientale (ISPRA)–Servizio Geologico d’Italia: Rome, Italy, 2011. [Google Scholar]

	



Ciaranfi, N.; Loiacono, F.; Moretti, M. Note Illustrative Della Carta Geologica D’italia Alla Scala 1:50.000 Foglio 408—Foggia; Istituto Superiore per la Protezione e la Ricerca Ambientale (ISPRA)–Servizio Geologico d’Italia: Rome, Italy, 2010. [Google Scholar]

	



Morsilli, M. Introduzione Alla Geologia Del Gargano. In Le Miniere di Selce del Gargano, VI–III Millennio A.C. Alle Origini Della Storia Mineraria Europea; All’Insegna del Giglio: Firenze, Italy, 2011; pp. 17–27. [Google Scholar] [CrossRef]

	



Elia, M.; Giannico, V.; Spano, G.; Lafortezza, R.; Sanesi, G. Likelihood and Frequency of Recurrent Fire Ignitions in Highly Urbanised Mediterranean Landscapes. Int. J. Wildland Fire 2020, 29, 120. [Google Scholar] [CrossRef]

	



Mancini, L.D.; Elia, M.; Barbati, A.; Salvati, L.; Corona, P.; Lafortezza, R.; Sanesi, G. Are Wildfires Knocking on the Built-Up Areas Door? Forests 2018, 9, 234. [Google Scholar] [CrossRef]

	



Home | MTBS. Available online: https://www.mtbs.gov/ (accessed on 8 October 2020).

	



Eidenshink, J.; Schwind, B.; Brewer, K.; Zhu, Z.-L.; Quayle, B.; Howard, S. A Project for Monitoring Trends in Burn Severity. Fire Ecol. 2007, 3, 3–21. [Google Scholar] [CrossRef]

	



Picotte, J.J.; Bhattarai, K.; Howard, D.; Lecker, J.; Epting, J.; Quayle, B.; Benson, N.; Nelson, K. Changes to the Monitoring Trends in Burn Severity Program Mapping Production Procedures and Data Products. Fire Ecol. 2020, 16, 16. [Google Scholar] [CrossRef]

	



Key, C.H.; Benson, N.C. Landscape Assessment (LA) Sampling and Analysis Methods; USDA Forest Service–General Technical Report RMRS-GTR; U.S. Department of Agriculture, Forest Service, Rocky Mountain Research Station: Collins, CO, USA, 2006. [Google Scholar]

	



Regione Puglia Sit Puglia. Available online: http://www.sit.puglia.it/ (accessed on 6 May 2021).

	



Google Google Earth. Available online: https://earth.google.com/web/ (accessed on 6 May 2021).

	



Esri World Imagery. Available online: https://www.arcgis.com/home/item.html?id=10df2279f9684e4a9f6a7f08febac2a9 (accessed on 6 May 2021).

	



Sentinel Online—ESA—Sentinel. Available online: https://sentinel.esa.int/web/sentinel/home (accessed on 6 May 2021).

	



Tucker, C.J. Red and Photographic Infrared Linear Combinations for Monitoring Vegetation. Remote Sens. Environ. 1979, 8, 127–150. [Google Scholar] [CrossRef]

	



Miller, J.D.; Thode, A.E. Quantifying Burn Severity in a Heterogeneous Landscape with a Relative Version of the Delta Normalized Burn Ratio (DNBR). Remote Sens. Environ. 2007, 109, 66–80. [Google Scholar] [CrossRef]

	



Mishra, S.K.; Singh, V.P. SCS-CN Method; Springer: Dordrecht, The Netherlands, 2003; pp. 84–146. [Google Scholar]

	



SCS. Hydrology. In National Engineering Handbook, Supplement A, Section 4; Soil Conservation Service, USDA: Washington, DC, USA, 1985. [Google Scholar]

	



Thiessen, A.H. Precipitation Averages for Large Areas. Mon. Weather Rev. 1911, 39, 1082–1089. [Google Scholar] [CrossRef]

	



Grimaldi, S.; Kao, S.C.; Castellarin, A.; Papalexiou, S.M.; Viglione, A.; Laio, F.; Aksoy, H.; Gedikli, A. Statistical Hydrology. In Treatise on Water Science; Elsevier: Amsterdam, The Netherlands, 2011; Volume 2, pp. 479–517. ISBN 9780444531933. [Google Scholar]

	



Smirnov, N. Table for Estimating the Goodness of Fit of Empirical Distributions. Ann. Math. Stat. 1948, 19, 279–281. [Google Scholar] [CrossRef]

	



Gumbel, E.J. Statistics of Extremes; Columbia University Press: New York, NY, USA, 1958. [Google Scholar]

	



Chen, C. Rainfall Intensity-Duration-Frequency Formulas. J. Hydraul. Eng. 1983, 109, 1603–1621. [Google Scholar] [CrossRef]

	



Chow, V.T.; Maidment, D.R.; Mays, L.W. Applied Hydrology; McGraw-Hill international eds; McGraw-Hill Book Company: New York, NY, USA, 1988. [Google Scholar]

	



Autorità di Bacino Distrettuale dell’Appennino Meridionale—Sede Puglia Studio per la Definizione Delle Opere Necessarie Alla Messa in Sicurezza Del Reticolo Idraulico Pugliese, Con Particolare Riferimento Alle Aree Del Gargano, Delle Coste Joniche E Salentine Della Regione Puglia. Available online: https://www.adb.puglia.it/public/page.php?109 (accessed on 17 May 2021).

	



Hawkins, R.H.; Hjelmfelt, A.T.; Zevenbergen, A.W. Runoff Probability, Storm Depth, and Curve Numbers. J. Irrig. Drain. Eng. 1985, 111, 330–340. [Google Scholar] [CrossRef]

	



de Michele, C.; Salvadori, G. On the Derived flood Frequency Distribution: Analytical Formulation and the Influence of Antecedent Soil Moisture Condition. J. Hydrol. 2002, 262, 245–258. [Google Scholar] [CrossRef]

	



Imeson, A.C.; Verstraten, J.M.; van Mulligen, E.J.; Sevink, J. The Effects of Fire and Water Repellency on Infiltration and Runoff under Mediterranean Type Forest. Catena 1992, 19, 345–361. [Google Scholar] [CrossRef]

	



Havel, A.; Tasdighi, A.; Arabi, M. Assessing the Hydrologic Response to Wildfires in Mountainous Regions. Hydrol. Earth Syst. Sci. 2018, 22, 2527–2550. [Google Scholar] [CrossRef]

	



Arnold, J.G.; Srinivasan, R.; Muttiah, R.S.; Williams, J.R. Large Area Hydrologic Modeling and Assessment Part I: Model Development. J. Am. Water Resour. Assoc. 1998, 34, 73–89. [Google Scholar] [CrossRef]

	



Arnold, J.G.; Moriasi, D.N.; Gassman, P.W.; Abbaspour, K.C.; White, M.J.; Srinivasan, R.; Santhi, C.; Harmel, R.D.; van Griensven, A.; Van Liew, M.W.; et al. SWAT: Model Use, Calibration, and Validation. Trans. ASABE 2012, 55, 1491–1508. [Google Scholar] [CrossRef]

	



Abdelwahab, O.M.M.; Ricci, G.F.; de Girolamo, A.M.; Gentile, F. Modelling Soil Erosion in a Mediterranean Watershed: Comparison between SWAT and AnnAGNPS Models. Environ. Res. 2018, 166, 363–376. [Google Scholar] [CrossRef]

	



Panagos, P.; Borrelli, P.; Poesen, J.; Ballabio, C.; Lugato, E.; Meusburger, K.; Montanarella, L.; Alewell, C. The New Assessment of Soil Loss by Water Erosion in Europe. Environ. Sci. Policy 2015, 54, 438–447. [Google Scholar] [CrossRef]

	



Fox, D.M.; Maselli, F.; Carrega, P. Using SPOT Images and Field Sampling to Map Burn Severity and Vegetation Factors Affecting Post Forest Fire Erosion Risk. Catena 2008, 75, 326–335. [Google Scholar] [CrossRef]

	



Lentile, L.B.; Holden, Z.A.; Smith, A.M.S.; Falkowski, M.J.; Hudak, A.T.; Morgan, P.; Lewis, S.A.; Gessler, P.E.; Benson, N.C. Remote Sensing Techniques to Assess Active Fire Characteristics and Post-Fire Effects. Int. J. Wildland Fire 2006, 15, 319–345. [Google Scholar] [CrossRef]

	



Veraverbeke, S.; Lhermitte, S.; Verstraeten, W.W.; Goossens, R. The Temporal Dimension of Differenced Normalized Burn Ratio (DNBR) Fire/Burn Severity Studies: The Case of the Large 2007 Peloponnese Wildfires in Greece. Remote Sens. Environ. 2010, 114, 2548–2563. [Google Scholar] [CrossRef]

	



D’Este, M.; Ganga, A.; Elia, M.; Lovreglio, R.; Giannico, V.; Spano, G.; Colangelo, G.; Lafortezza, R.; Sanesi, G. Modeling Fire Ignition Probability and Frequency Using Hurdle Models: A Cross-Regional Study in Southern Europe. Ecol. Process. 2020, 9, 1–14. [Google Scholar] [CrossRef]

	



Tran, B.; Tanase, M.; Bennett, L.; Aponte, C. Evaluation of Spectral Indices for Assessing Fire Severity in Australian Temperate Forests. Remote Sens. 2018, 10, 1680. [Google Scholar] [CrossRef]

	



Todisco, F.; Vergni, L.; Vinci, A.; Pampalone, V. Practical Thresholds to Distinguish Erosive and Rill Rainfall Events. J. Hydrol. 2019, 579, 124173. [Google Scholar] [CrossRef]

	



Vieira, D.C.S.; Fernández, C.; Vega, J.A.; Keizer, J.J. Does Soil Burn Severity Affect the Post-Fire Runoff and Interrill Erosion Response? A Review Based on Meta-Analysis of Field Rainfall Simulation Data. J. Hydrol. 2015, 523, 452–464. [Google Scholar] [CrossRef]

	



González-Hidalgo, J.C.; Peña-Monné, J.L.; de Luis, M. A Review of Daily Soil Erosion in Western Mediterranean Areas. Catena 2007, 71, 193–199. [Google Scholar] [CrossRef]

	



Cawson, J.G.; Sheridan, G.J.; Smith, H.G.; Lane, P.N.J. Effects of Fire Severity and Burn Patchiness on Hillslope-Scale Surface Runoff, Erosion and Hydrologic Connectivity in a Prescribed Burn. For. Ecol. Manag. 2013, 310, 219–233. [Google Scholar] [CrossRef]

	



García-Comendador, J.; Fortesa, J.; Calsamiglia, A.; Calvo-Cases, A.; Estrany, J. Post-Fire Hydrological Response and Suspended Sediment Transport of a Terraced Mediterranean Catchment. Earth Surf. Process. Landf. 2017, 42, 2254–2265. [Google Scholar] [CrossRef]

	



Lucas-Borja, M.E.; Zema, D.A.; Carrà, B.G.; Cerdà, A.; Plaza-Alvarez, P.A.; Cózar, J.S.; Gonzalez-Romero, J.; Moya, D.; de las Heras, J. Short-Term Changes in Infiltration between Straw Mulched and Non-Mulched Soils after Wildfire in Mediterranean Forest Ecosystems. Ecol. Eng. 2018, 122, 27–31. [Google Scholar] [CrossRef]

	



Jiménez-Pinilla, P.; Lozano, E.; Mataix-Solera, J.; Arcenegui, V.; Jordán, A.; Zavala, L.M. Temporal Changes in Soil Water Repellency after a Forest Fire in a Mediterranean Calcareous Soil: Influence of Ash and Different Vegetation Type. Sci. Total Environ. 2016, 572, 1252–1260. [Google Scholar] [CrossRef]

	



Prosser, I.P.; Williams, L. The Effect of Wildfire on Runoff and Erosion in Native Eucalyptus Forest. Hydrol. Process. 1998, 12, 251–265. [Google Scholar] [CrossRef]

	



Prats, S.A.; António, M.; Martins, S.; Cortizo Malvar, M.; Ben-Hur, M.; Keizer, J.J. Polyacrylamide Application versus Forest Residue Mulching for Reducing Post-Fire Runoff and Soil Erosion. Sci. Total Environ. 2013, 468, 464–474. [Google Scholar] [CrossRef] [PubMed]

	



Vieira, D.C.S.; Malvar, M.C.; Martins, M.A.S.; Serpa, D.; Keizer, J.J. Key Factors Controlling the Post-Fire Hydrological and Erosive Response at Micro-Plot Scale in a Recently Burned Mediterranean Forest. Geomorphology 2018, 319, 161–173. [Google Scholar] [CrossRef]

	



Borrelli, P.; Alewell, C.; Alvarez, P.; Anache, J.A.A.; Baartman, J.; Ballabio, C.; Bezak, N.; Biddoccu, M.; Cerdà, A.; Chalise, D.; et al. Soil Erosion Modelling: A Global Review and Statistical Analysis. Sci. Total Environ. 2021, 780, 146494. [Google Scholar] [CrossRef] [PubMed]

	



Cerdà, A.; Lasanta, T. Long-Term Erosional Responses after Fire in the Central Spanish Pyrenees: 1. Water and Sediment Yield. Catena 2005, 60, 59–80. [Google Scholar] [CrossRef]

	



Calvo, A.; Cerdà, A. An example of the changes in the hydrological and erosional response of soil after a forest fire, Pedralba (Valencia), Spain. In Soil Erosion as a Consequence of Forest Fires; Sala, M., Rubio, J.L., Eds.; Geoforma Ediciones: Logroño, Spain, 1994; pp. 99–110. ISBN 848777914X. [Google Scholar]

	



Fernández-Alonso, J.M.; Fernández, C.; Arellano, S.; Vega, J.A. Modeling Soil Burn Severity Prediction for Planning Measures to Mitigate Post Wildfire Soil Erosion in NW Spain; Elsevier Inc.: Philadelphia, PA, USA, 2019; ISBN 9780128152263. [Google Scholar]

	



Ricci, G.F.; de Girolamo, A.M.; Abdelwahab, O.M.M.; Gentile, F. Identifying Sediment Source Areas in a Mediterranean Watershed Using the SWAT Model. Land Degrad. Dev. 2018, 29, 1233–1248. [Google Scholar] [CrossRef]

	



Borrelli, P.; van Oost, K.; Meusburger, K.; Alewell, C.; Lugato, E.; Panagos, P. A Step towards a Holistic Assessment of Soil Degradation in Europe: Coupling on-Site Erosion with Sediment Transfer and Carbon Fluxes. Environ. Res. 2018, 161, 291–298. [Google Scholar] [CrossRef]

	



Cerdà, A. Changes in Overland Flow and Infiltration after a Rangeland Fire in a Mediterranean Scrubland. Hydrol. Process. 1998, 12, 1031–1042. [Google Scholar] [CrossRef]

	



Ramos, M.C.; Nacci, S.; Pla, I. Effect of Raindrop Impact and Its Relationship with Aggregate Stability to Different Disaggregation Forces. Catena 2003, 53, 365–376. [Google Scholar] [CrossRef]

	



Fornacca, D.; Ren, G.; Xiao, W. Evaluating the Best Spectral Indices for the Detection of Burn Scars at Several Post-Fire Dates in a Mountainous Region of Northwest Yunnan, China. Remote Sens. 2018, 10, 1196. [Google Scholar] [CrossRef]








[image: Forests 12 01105 g001 550] 





Figure 1. Geographical framework: (a) Apulia region and geographical areas of interest; (b) study site location; (c) LUC, Lucera site; (d) CAR, Carpino site; (e,f) ISC_1 and ISC_2, Ischitella sites. 
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Figure 2. Fire severity classification (high, moderate, low, and unburned) for each study site: (a) LUC, Lucera site; (b) CAR, Carpino site; (c) ISC_1, Ischitella site; (d) ISC_2, Ischitella site. 
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Figure 3. Areal percentage of fire severity class (high, moderate, low, and unburned) per land use within the study sites: (a) LUC, Lucera site; (b) CAR, Carpino site; (c,d) ISC_1 and ISC_2, Ischitella sites. 
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Figure 4. Pre-fire and post-fire erosion values (t/ha). LUC: (a) pre-fire, (b) post-fire Normalized Difference Vegetation Index (NDVI) scenario, (c) post-fire Relative differenced Normalized Burn Index (RdNBR) scenario; CAR: (d) pre-fire, (e) post-fire NDVI scenario, (f) post-fire RdNBR scenario; ISC_1: (g) pre-fire, (h) post-fire NDVI scenario, (i) post-fire RdNBR scenario; ISC_2: (j) pre-fire, (k) post-fire NDVI scenario, (l) post-fire RdNBR scenario. 
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Figure 5. LUC case study: box plots of soil erosion (t/ha) related to the fire severity classification and land use of the three scenarios: Pre-fire, Normalized Difference Vegetation Index (NDVI), and Relative differenced Normalized Burn Index (RdNBR). The horizontal line within the boxes indicates the median; box boundaries indicate the 25th and 75th percentiles; and whiskers indicate the 95th percentile and lowest values of the results. 
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Table 1. Study site data.






Table 1. Study site data.





	Study Site
	Location
	Wildfire Date
	Area (ha)
	Slope (%)





	LUC
	Lucera
	6 July 2019
	39.5
	5–50



	ISC_1
	Ischitella
	11 August 2019
	3.4
	2–25



	ISC_2
	Ischitella
	16 August 2019
	9.8
	2–25



	CAR
	Carpino
	17 August 2019
	5.7
	2–30







LUC, Lucera site; CAR, Carpino site; ISC_1 and ISC_2, Ischitella sites.













[image: Table] 





Table 2. CN per land use and soil group.






Table 2. CN per land use and soil group.





	
Land Use

	
Soil Group




	

	
A

	
B

	
C

	
D






	
Deciduous forest

	
36

	
60

	
73

	
79




	
Olive grove

	
67

	
78

	
85

	
89




	
Rangeland

	
68

	
79

	
86

	
89




	
Rangeland with bush

	
49

	
69

	
79

	
84








A—high, B—medium-high, C—medium-low, D—low permeability.
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Table 3. Sediment concentration (g/L) per land use and slope class.






Table 3. Sediment concentration (g/L) per land use and slope class.





	
Land Use

	
Slope Classes (%)




	
0–15

	
15–30

	
>30






	
Deciduous forest

	
0.041

	
0.155

	
0.271




	
Olive grove

	
0.048

	
0.161

	
0.329




	
Rangeland

	
0.042

	
0.390

	
0.570




	
Rangeland with bush

	
0.042

	
0.390

	
0.570
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Table 4. Rainfall data.






Table 4. Rainfall data.





	Study Site
	Meteorological Station
	Historical Series
	PMP Depth (mm)





	LUC
	Lucera

(Lucera 49)
	1921–2019
	41



	ISC_1
	Rodi Garganico (MFG14)
	2007–2019
	66



	ISC_2
	Rodi Garganico (MFG14)
	2007–2019
	66



	CAR
	Carpino

(MFG09)
	2006–2019
	56







PMP, probable maximum precipitation.
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Table 5. Pre- and post-fire runoff average values (mm) per land use.






Table 5. Pre- and post-fire runoff average values (mm) per land use.





	
Land Use

	
LUC

	
ISC_1

	
ISC_2

	
CAR




	
PRE

	
POST

	
PRE

	
POST

	
PRE

	
POST

	
PRE

	
POST






	
Deciduous forest

	
17.4

	
22.9

	
-

	
-

	
3.4

	
4.0

	
1.4

	
2.4




	
Olive grove

	
-

	
-

	
40.4

	
43.1

	
28.1

	
32.2

	
20.8

	
22.3




	
Rangeland

	
27.8

	
34.8

	
44.9

	
54.3

	
12.1

	
19.0

	
19.3

	
25.9




	
Rangeland with bush

	
20.0

	
22.3

	
-

	
-

	
9.1

	
12.7

	
6.5

	
9.4








LUC, Lucera site; ISC_1 and ISC_2, Ischitella sites; CAR, Carpino site.
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Table 6. Average values of erosion (t/ha) per land use in pre-fire, NDVI and RdNBR post-fire scenarios.






Table 6. Average values of erosion (t/ha) per land use in pre-fire, NDVI and RdNBR post-fire scenarios.





	
Land Use

	
LUC

	
ISC_1

	
ISC_2

	
CAR




	
PRE

	
POST

	
PRE

	
POST

	
PRE

	
POST

	
PRE

	
POST




	

	
NDVI

	
RdNBR

	

	
NDVI

	
RdNBR

	

	
NDVI

	
RdNBR

	

	
NDVI

	
RdNBR






	
Deciduous forest

	
0.022

	
0.040

	
0.039

	
-

	
-

	
-

	
0.005

	
0.007

	
0.007

	
0.002

	
0.003

	
0.003




	
Olive grove

	
-

	
-

	
-

	
0.039

	
0.047

	
0.048

	
0.029

	
0.044

	
0.044

	
0.019

	
0.023

	
0.023




	
Rangeland

	
0.074

	
0.123

	
0.120

	
0.070

	
0.128

	
0.132

	
0.010

	
0.025

	
0.026

	
0.037

	
0.071

	
0.075




	
Rangeland with bush

	
0.076

	
0.105

	
0.107

	
-

	
-

	
-

	
0.019

	
0.036

	
0.037

	
0.014

	
0.029

	
0.029




	
Total area

	
0.057

	
0.089

	
0.089

	
0.055

	
0.088

	
0.090

	
0.016

	
0.028

	
0.029

	
0.018

	
0.0321

	
0.033








LUC, Lucera site; ISC_1 and ISC_2, Ischitella sites; CAR, Carpino site; NDVI, Normalized Difference Vegetation Index; RdNBR, Relative differenced Normalized Burn Index.



















	
	
Publisher’s Note: MDPI stays neutral with regard to jurisdictional claims in published maps and institutional affiliations.











© 2021 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license (https://creativecommons.org/licenses/by/4.0/).






media/file4.png
41°30'40"N

41°54'30"N

200 300 400
Meters

41°53'55"N

L

I
15°52'30"E

I
15°54'10"E





nav.xhtml


  forests-12-01105


  
    		
      forests-12-01105
    


  




  





media/file2.png
42°0'0"N

40°0'0"N

41°30'30"N

41°54'30"N

0 2550 100 150 ;200
OO \leters

200

a) Elevation : b) Elevation .
m a.s.l. <Q ; m a.s.l. «Q !
1147 . 0 1147 0 %
’ Gargano
[~ argan Study sites:
£ | 9Luc
1:‘ d) CAR
Tavoliere ; =+ | e)ISC_1
Plain [ Apulid | £)1SC_2
Adriatic Sea
Southern
Apennines
\
)
L
N / Ionian Sea
0 25 50 100 /,wu 200 0510 20
- . _Z l1
16°0'0"E 18°00"E 15°0'0"E 16°0'0"E
N N
Q) 5 ¢ : d) w<}s
5 'S
z
g
o
5
.
0 50100 200 300 400 0 2550 1007 150 "~ 200
SO Veters
| I z |
15°19'0"E 15°19'30"E o 15°52'0"E
N 2 f N
9 ] = P
s s
0 25 50 100 150

|
15°52'30"E

|
15°54'10"E





media/file5.jpg
OE — —

e

0

2%

0% oo Rongtand
9 s

102 —
@

0

o —

AR
e

Fire severity

Wt

Low

ed

Moderste

Wi





media/file3.jpg





media/file1.jpg





media/file7.jpg
VY






media/file10.png
Soil Erosion (t/ha)

0.500

0.400

0.300

0.200

0.100

0.000

Deciduous Forest

Fire severity

B Unburned
CLow
[CIModerate
M High

it al“ ai“

Rangeland

il

Rangeland with bush

il

Pre-fire NDVI RANBR

Pre-fire NDVI RANBR

Pre-fire

NDVI

RANBR





media/file9.jpg
iduousForst — Rangeland  Rangeland withbush

il 'M m ol

ol i






media/file0.png





media/file8.png
Pre-fire PUSfiﬁr't’ NDVI Scenario

Post-fire RANBR Scenario

<)

100 200 300 400 ;

v,
-]
—
rare——u— Mtors
f)
o
<
)
150
i)
t_‘I
@)
2
751501225300 = ‘< 4)"
k) 1) g
t.\ll
O
D
50 100 1507 Z00.

Soil erosion (t/ha)

0.25






media/file6.png
a)

LUC
100 9%  — T B

80 %

60 %

40 % -
N .
0%

Deciduous Rangeland Rangeland
Forest with bush

)

ISC_1

100 % —

80 %

60 %

40 %

20 %

0 %

Olive Grove Rangeland

b)
100 %

CAR Fire severity
[

.Unbu rned
80 % Low

Moderate

BHigh

60 %

40 %

20 %

0 %
Deciduous Olive Rangeland Rangeland
Forest Grove with bush

D ISC_2

100 % T - |

80 %
60 %
40 %

20 %

0%

Deciduous Olive Rangeland Rangeland
Forest Grove with bush





