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Abstract  32 

 33 

Prescribed burning is increasingly used to reduce the wildfire risk, and the need to limit 34 

runoff and erosion after the fire suggests treating burned soils with mulching. To this 35 

aim, fern residues may be more advisable compared to the commonly used straw, since 36 

fern is directly available in forests and has lower drawbacks. However, the post-fire 37 

hydrological effects of both prescribed fire and soil mulching are contrasting in 38 

literature, and fern has not previously experimented as mulching material in 39 

Mediterranean forests. To fill these gaps, this study has evaluated the soil hydrological 40 

response in small plots installed in three Mediterranean forests (pine, chestnut and oak) 41 

after a prescribed fire and mulching treatment with fern. Compared to the unburned 42 

soils, runoff and erosion significantly increased immediately after fire (by 150% to 43 

375% for the runoff coefficients, and by 100% to 800% for the soil losses). However, 44 

these increases are much lower compared to the highest values reported by some 45 

studies. The negative impacts on the hydrological response in burned soils were limited 46 

to three-four months after burning. Subsequently, the pre-fire runoff and erosion rates of 47 

the burned soils were practically recovered, and the hydrological changes were not 48 

significant compared to the unburned soils. In the short term after the prescribed fire 49 

application, soil mulching with fern residues was effective to limit the increase in the 50 

hydrological response of the burned and not treated soils, since the runoff coefficients 51 



and erosion were reduced by 25-30% in oak soils and 70-80% in forests of chestnut and 52 

pine. The changes surveyed in soil hydrology were associated to variations in the 53 

infiltration rates and water repellency immediately after fire, previously detected in the 54 

same experimental site. The recovery of the water infiltration rates and the 55 

disappearance of the soil repellency gained importance over time, and the incorporation 56 

of mulch residues became beneficial in driving the short-term runoff and erosion 57 

response of the burned soils. 58 

 59 

Keywords: ecological engineering techniques; post-fire management; hydrological 60 

response; pine; chestnut; oak. 61 

 62 

1. Introduction 63 

 64 

Fire, a key ecological factor in the earth system (Francos and Úbeda, 2021), impacts on 65 

many components of ecosystems (soil, air, water, plants and fauna,  e.g. DeBano et al., 66 

1998; Lucas-Borja et al., 2019b; Kozlowski, 2012) as well as on the ecosystem services, 67 

society and economy (Nadal-Romero et al., 2018; Pereira et al., 2018a). These effects 68 

depend on several factors, such as fire history, intensity and severity, fuel quantity, 69 

properties and topography of soils, vegetation species, density and cover, weather 70 

patterns, etc. (Zavala et al., 2014; Pereira et al., 2018b; Francos et al., 2018; Zema, 71 

2021).  72 

With specific regard to the environmental impacts, wildfire removes vegetation and 73 

reduces its capacity to recover, and determines long-lasting changes in soil properties 74 

(Neary et al., 1999; Certini, 2005; Shakesby, 2011). Vegetation removal (which leaves 75 

the soil bare) and soil changes (resulting in increased water repellency, destruction of 76 

aggregates and reduced water infiltration) due to wildfire increase the surface runoff and 77 

erosion rates. Moreover, the transport of nutrients and contaminants downstream of 78 

burned forests is enhanced (Neary et al., 1999; Certini, 2005; Shakesby and Doerr, 79 

2006; Cawson et al., 2012; Vieira et al., 2015; Zema, 2021). In addition, the runoff and 80 

erosion rates come back to the pre-fire values after five to ten years (Inbar et al., 1998). 81 

The increase in flood and erosion risks after fire is an essential problem for land owners 82 

and catchment managers (Prats et al., 2015).  83 

In order to limit the negative impacts of high-severity fires, preventing strategies have 84 

been adopted since long time (Ferreira et al., 2015). Among these strategies, prescribed 85 



fire - the planned use of low-intensity fire to achieve very different goals given certain 86 

weather, fuel and topographic conditions (Fernandes et al., 2013) - is considered as a 87 

primary and integrated option to reduce the wildfire risk in forests (Alcañiz et al., 2018; 88 

Klimas et al., 2020). The low-intensity fire, which is applied under controlled 89 

environmental conditions (e.g., humid air and absent wind), removes dry litter, and 90 

herbaceous and shrub vegetation, which is fuel for forest wildfires in the summer or 91 

other dry periods. Since the fuel for wildfires is regenerating after the prescribed fire, 92 

repeated applications are needed to control the wildfire risk over time. Moreover, the 93 

prescribed fire, which has low-severity and burn patchiness (Cawson et al., 2012; 94 

Pereira et al., 2021), avoids high temperature in soil and tree crown burning, which are 95 

the most adverse effects of wildfire on soil and plants. In addition, prescribed fire 96 

supports regeneration of some plant species (Scharenbroch et al., 2012; Williams et al., 97 

2012; Francos and Úbeda, 2021). Litter, herbs and shrubs regenerate after the prescribed 98 

fire, and this prevents erosion in the treated forest. However, this renewed vegetal cover 99 

is insufficient to recover the pre-fire erosion rates, and thus post-fire management 100 

actions are needed. Increases in runoff and erosion after prescribed fires are lower 101 

compared to wildfires, but these risks are still present (Morris et al., 2013; Shakesby et 102 

al., 2015). Runoff and erosion increases have been observed after prescribed fires in 103 

different ecosystems, such as heathlands, shrublands and gorse (Vega et al., 2005). In 104 

the Mediterranean forests, these increases may be even more intense compared to other 105 

rainstorms (Fortugno et al., 2017), since the soils are generally shallow and show low 106 

aggregate stability, and organic matter and nutrient contents (Cantón et al., 2011). Due 107 

to the combination of these climate and soil characteristics, the Mediterranean forests 108 

are more exposed to excessive runoff and soil erosion rates compared to other 109 

ecosystems (Zema et al., 2020a; 2020b). Therefore, there is a need for an improved 110 

knowledge about soil hydrology in Mediterranean fire-prone forests, also considering 111 

that both wildfires and rainstorms are thought to become more frequent and intense 112 

according to the forecasted climate scenarios (Badia and Marti, 2008). However, despite 113 

an ample literature about the impacts of fire on soil hydrology, the studies on the 114 

hydrological effects of prescribed fire are not exhaustive and often contrasting (Cawson 115 

et al., 2012; Shakesby et al., 2015). According to González-Pelayo et al. (2010) and 116 

Vega et al. (2005), increases in runoff and erosion by one and two orders of magnitude, 117 

respectively, may be observed compared to the unburned areas (Cawson et al., 2013). In 118 

contrast, Coelho et al. (2004) and de Dios Benavides-Solorio and MacDonald (2005) 119 



reported minimal erosion after prescribed fire (Morris et al., 2013). Keesstra et al. 120 

(2014) reported even lower erosion in areas burned with prescribed fire compared to 121 

unburned forests, despite comparable runoff. 122 

In order to reduce the soil’s susceptibility to runoff and erosion after a wildfire, several 123 

treatments have been proposed and their effectiveness has been verified in many 124 

environmental contexts (Lucas-Borja, 2021; Zema, 2021). Among the ecological 125 

engineering techniques, which use plant residues for soil conservation, mulching is one 126 

of the most common post-fire management options (Lucas-Borja et al., 2019a; 127 

Prosdocimi et al., 2016). The objective of mulching is protecting soil with a ground 128 

cover and improving the soil quality, if used properly and at the correct time 129 

(Prosdocimi et al., 2016; Zituni et al., 2019). However, post-fire mulching can also have 130 

negative effects. In some cases, mulching reduces the soil hydraulic conductivity under 131 

unsaturated conditions compared to the untreated soils, particularly in the driest season 132 

(Lucas-Borja et al., 2018). Mulching material is selected based on its availability, 133 

resistance to degradation, weed spreading risk and other factors (Parhizkar et al., 2021; 134 

Prats et al., 2015). Straw is often used as mulch cover in fire-affected areas (Bontrager 135 

et al., 2019; Keizer et al., 2018), but its residues can be displaced by wind in some 136 

areas, leaving slopes bare, or accumulating in thick layers in other areas, with possible 137 

reductions in the post-fire emergence of vegetation (Robichaud et al., 2020). Moreover, 138 

agricultural straw may contain seeds, chemicals and parasites, which can be the sources 139 

of non-native vegetation and plant diseases. Forest residues (e.g., wood strands, chips or 140 

shreds) or dead plants may replace straw, because these substrates do not carry non-141 

native seeds or chemical residues, and are more resistant to wind displacement 142 

(Robichaud et al., 2020). In Mediterranean forest floor, fern - Pteridium aquilinum (L.) 143 

Kuhn - is widely available, and this avoids the transport costs from other locations. 144 

Therefore, its use as mulching material in fire-affected areas is preferable to straw. 145 

However, to the authors’ best knowledge, no evaluations about the use of fern to protect 146 

the burned soil from runoff and erosion impacts are available in literature. Therefore, 147 

the effectiveness of fern mulching to restore the hydrological properties of soils should 148 

be assessed, and particularly in the short-term after fire, when the soil is left bare and 149 

the changes in the soil properties (e.g., reduced infiltration, soil water repellency and 150 

ash cover) can be significant compared to the unburned and untreated areas (Cawson et 151 

al., 2012; Francos and Úbeda, 2021; Klimas et al., 2020; Wittenberg and Pereira, 2021). 152 

A previous study, carried out in the same environment using a rainfall simulator, 153 



showed that soil mulching with fern did not increase the water infiltration rates (IR) and 154 

did not alter soil water repellency (SWR) of the burned soils at the point scale 155 

immediately after a prescribed fire. However, one year after the soil treatment, the  IR 156 

noticeably increased and the SWR completely disappeared (Carrà et al., 2021).  157 

To fill the research gaps and extend the previous investigation to the plot scale, this 158 

study has evaluated the hydrological response of soils in three forest stands of Calabria 159 

(Southern Italy) after a prescribed fire, with or without a mulching treatment with fern, 160 

in comparison to the undisturbed soils. More specifically, the surface runoff volumes 161 

and soil losses were measured after natural precipitation throughout one year after fire 162 

in forests of pine, oak and chestnut. The specific research questions are the following: 163 

(i) how much does the prescribed fire affect runoff and erosion rates on the short term 164 

after its application? (ii) how long is the “window of disturbance” (Prosser and 165 

Williams, 1998) of soil hydrology due to fire? (iii) are the fern residues effective as 166 

mulching cover at reducing the runoff and erosion after fire?  167 

The experimental replies to these research questions may be of help to promote the use 168 

of the prescribed fire against the wildfire risk and of the soil mulching with fern as 169 

ecological engineering technique for the conservation of forest soils. 170 

 171 

2. Material and methods 172 

 173 

2.1. Study area 174 

 175 

The study was carried out in three forest sites (municipality of Samo, Calabria, Southern 176 

Italy) between 600 and 900 m above the sea level (Figure 1 and Table 1). The first area 177 

(“Calamacia”) was a pine (Pinus pinaster Aiton) stand reforested in 1984. The second 178 

site (“Rungia”) was a natural oak stand (Quercus frainetto Ten.). The third zone 179 

(“Orgaro”) was a chestnut stand (Castanea sativa Mill., about 29-year old). No 180 

management actions were carried out in the three forest stands (Table 1). 181 



 182 

Figure 1 - Location of the experimental site (Samo, Calabria, Southern Italy).  183 

 184 



Table 1 - Main characteristics of the experimental forest sites (Samo, Calabria, Southern Italy). 185 

 186 

Site 
Characteristics 

Calamacia Rungia Orgaro 

U.T.M. coordinates 590293 E; 4215327 N 588635 E; 4216172 N 590389 E; 4215530 N 

Aspect South-West North-East West 

Altitude (m a.s.l.) 650-700 900-950 700-750 

Slope (%) 20.0 ± 0.82 19.1 ± 1.65 20.3 ± 0.96 

species 
Pine  

(Pinus pinaster Aiton) 

Oak  

(Quercus frainetto Ten.) 

Chestnut  

(Castanea sativa Mill.) 

density (n/ha) 950 ± 86.4 225 ± 44.7 725 ± 89.1 

diameter at breast height (cm) 28.3 ± 9.4 40.7 ± 8.9 20.2 ± 5.6 

height (m) 20.5 ± 1.4 18.2 ± 1.9 9.6 ± 1.2 

Tree 

basal area (m2/ha) 67.9 ± 6.5 31.1 ± 3.6 24.3 ± 4.4 

- 
Quercus ilex L., Rubus 

ulmifolius S. 
Cyclamen hederifolium  

Rubus ulmifolius S., 

Pteridium aquilinum L.  

Litterfall layer depth (cm) 11.7 ± 4.6 12.2 ± 3.9 6.1 ± 4 



The climate of the area is typical of the semi-arid environment (“Csa” class, “Hot-187 

summer Mediterranean” climate, according to Koppen classification (Kottek et al., 188 

2006). Winters are mild and rainy, while summers are warm and dry. The mean annual 189 

precipitation and temperature are 1102 mm and 17.4 °C, respectively. The minimum 190 

temperature is - 4.3 °C, while the maximum is 43.1 °C (weather station of Sant’Agata 191 

del Bianco, geographical coordinates 4217548 N, 595159 E, period of 2000-2020). 192 

All soils are loamy, except the unburned area of the pine forest, which is sandy loam 193 

(Table 2). 194 



Table 2 - Main characteristics of the soils in the experimental sites measured immediately after the prescribed fire and before the mulching 195 

treatment (Samo, Calabria, Southern Italy). 196 

 197 

Texture 
Site 

Main forest 

species 

Soil 

condition silt (%) clay (%) sand (%) 
Type 

unburned 10.0 ± 1.01 9.0 ± 0.00 81.0 ± 0.99 sandy loam 
Calamacia pine 

burned 6.3 ± 3.06 8.7 ± 0.58 85.0 ± 3.61 

unburned 12.7 ± 1.53 9.7 ± 0.58 77.7 ± 1.15 
Rungia oak 

burned 10.3 ± 2.25 8.7 ± 0.58 81.0 ± 2.02 

unburned 12.3 ± 2.31 8.0 ± 1.73 79.7 ± 0.58 
Orgaro chestnut 

burned 11.3 ± 1.53 8.7 ± 0.58 80.2 ± 1.04 

loamy sand 

 198 



 199 

2.2. Prescribed fire operations and mulching application 200 

 201 

The prescribed fire was applied in early June 2019 with the support of the 202 

Environmental Regional Agency (“Calabria Verde”) and the surveillance of the 203 

National Corp of Firefighters (Figure 2a). 204 

The main conditions during fire application (temperatures of fire flame, air and soil) are 205 

reported in Table 3. These variables were measured by a thermocouple connected to a 206 

datalogger at a soil depth of 2 cm. Wind was practically absent and air humidity was 207 

between 50 and 60%. The mean soil temperature was lower than 25 °C with a 208 

maximum of 29 °C, about 4 °C higher compared to the temperature of the unburned 209 

soils. 210 

 211 

Table 3 – Main conditions during prescribed fire application to the experimental site 212 

(Samo, Calabria, Southern Italy).  213 

 214 

Temperature 

fire flame  air  soil Site 

Main 

forest 

species mean max mean max mean max 

Calamacia pine 88 712 25.7 102 21.9 22.7 

Rungia oak 98 720 43.0 180 21.0 26.9 

Orgaro chestnut 75 645 29.1 139 24.7 28.8 

 215 

 216 

In the burned area, one day after fire, some plots (see section 2.3) were covered with 217 

small pieces (maximum length of 5 cm) of fern. The plants were cut from an adjacent 218 

area in the same forests and shredded using scissors in pieces of 5 cm as maximum size. 219 

The fresh residues were spread on the ground without addition of other materials to 220 

form a mulch layer of 2-3 cm. The applied dose was 500 g/m2 of fresh weight, which is 221 

equivalent to 200 g/m2 of dry matter, the dose commonly used as straw mulching after 222 

fire (Lucas-Borja et al., 2018; Vega et al., 2014) (Figure 2b). 223 

 224 

 225 



 226 

(a) 227 

 228 



 229 

(b) 230 

Figure 2 – Prescribed fire operations (a) and fern mulch applied to three plots of oak (b) 231 

in the experimental site (Samo, Calabria, Southern Italy). 232 

 233 

2.3. Experimental design 234 

 235 

One of the most useful tools to study the fire effects is applying experimental fires and 236 

measuring their effects on soil hydrology in plots. This allows the control and 237 

evaluation of the fire and soil conditions before, during and after the experiment 238 

(González-Pelayo et al., 2010). The current study has adopted the suggested approach 239 

and, in each experimental site, nine small plots (three series, each one with three 240 

replicated plots) were delimited on forest hillslopes with the same gradient (Table 1). 241 

The plots were at a reciprocal distance between 1.5 and 20 m. Three plots were setup in 242 

the unburned soils (considered as “control”), while six plots were in the burned area. In 243 

the latter sites, three plots were subjected to mulching with fern. Overall, the 244 

experimental design consisted of three forest stands (pine, oak and chestnut)  three soil 245 

conditions (unburned, burned and not treated, and burned and mulched)  three 246 

replicated plots, for a total of 27 plots (Figure 3).  247 

 248 



2.4. Plot construction 249 

 250 

Immediately after fire, the plots (each one being 3-m long and 1-m wide and covering 251 

an area of 3 m2) were hydraulically isolated in each forest area (unburned, burned and 252 

not treated, and burned and mulched soil). Some 0.3-m high metallic sheets were 253 

therefore inserted up to 0.2 m below the ground surface, in order to prevent the flow of 254 

surface water (Figure 2b). Downstream of each plot, a transverse channel was installed, 255 

to intercept the flows of water and solid material. These flows were collected through a 256 

pipe into 100-litre tanks.  257 



 258 

Figure 3 – Scheme and plot layout of the experimental design used for the hydrological monitoring after prescribed fire and soil mulching using 259 

fern (Samo, Calabria, Southern Italy). 260 



 

2.5. Monitoring of the hydrological variables 

 

The hydrological measurements started immediately after site installation (mid-June 2019) and 

were carried out throughout 15 months (until mid-September 2020).  

A weather station with a tipping bucket rain gauge (measuring sub-hourly data) was installed at a 

maximum distance of 1 km from the experimental sites, to measure precipitation height, storm 

duration, and rainfall intensity. The mean rainfall intensity was the total rainfall divided by the 

storm duration. Moreover, an additional rain gauge (measuring only the rainfall height) was 

installed in each forest site, in order to estimate the rainfall intercepted by the tree canopy, and to 

check the spatial variability of the rainfall measured by the main weather station.  

The surface runoff and sediment concentration after precipitation were measured following the 

procedures suggested by Lucas-Borja et al. (2019b) and Bombino et al. (2021). Only the runoff 

volumes produced by rainfalls over 13 mm, which can be considered as “erosive events”, according 

to (Wischmeier and Smith, 1978), were monitored. The collecting tanks were emptied and cleaned 

after each precipitation - erosive or not - event. To summarize, the runoff water in the tank was 

stirred to achieve a good suspension, and three separate samples of the suspension was collected, 

totalling about 0.5 litres. The samples were brought to the laboratory, and oven-dried at 105 °C for 

24 hours. After drying, the sediments were weighted and referred to the sample volume, in order to 

calculate the sediment concentration. The soil loss produced by the rainfall-runoff event was 

estimated by the product of the runoff volume by the sediment concentration. The runoff 

coefficients were also calculated as the ratio of runoff to rainfall.  

 

2.7. Statistical analyses  

 

One-way ANOVA with repeated measures (at each rainfall-runoff event) was applied to the runoff 

volume and soil loss (response variables) separately for the three forest stands, assuming as factor 

the soil condition (unburned, burned and not treated, and burned and mulched). The pairwise 

comparison by Tukey’s test (at p < 0.05) was also used to evaluate the statistical significance of the 

differences in the response variables. In order to satisfy the assumptions of the statistical tests 

(homogeneity of variance and normal distribution), the data were subjected to normality test or 

were square root-transformed whenever necessary. All the statistical tests were carried out by with 

the XLSTAT software (release 2019.1, Addinsoft, Paris, France). 

 



3. Results 

 

3.1. Rainfall characterization 

 

Throughout the monitoring period, 516 rainfall events with a total depth of 1120 were recorded at 

the rain gauging station. Of these events, only seven were classified as erosive events and then 

monitored. The height of these events was in the range of 22.4 (14 July 2020) - 156 (11 March 

2020) mm, while their duration varied between 7 (14 July 2020) and 41 (11 November 2019) hours. 

The latter event was characterized by the maximum absolute intensity (26.2 mm/h), while the event 

of 5 December 2019 had the highest mean intensity (4.90 mm/h). One event (dated 24 July 2020) 

produced runoff and erosion only in the chestnut plots (Table 4).  

The spatial variability of the precipitation among the three forest sites was very low (< 5%) for all 

the monitored events. The net rainfall (due to the interception) was between 4-10% (pine and 

chestnut forests) and 6-12% (oak site) of the total precipitation (Table 4). 

 

Table 4 - Main hydrological variables of erosive rainfall events monitored in the experimental site 

(Samo, Calabria, Southern Italy). 

 

Net height (mm)* 
Intensity 

(mm/h) Date 
Height  

(mm) 
pine oak chestnut 

Duration 

(h) 
max mean 

15 Jul 2019 65 61.8 59.8 60.5 36 22.2 1.99 

9 Oct 2019 49.9 45.4 43.9 44.9 26 14.6 1.85 

11 Nov 2019 142.8 135.7 132.8 132.8 41 26.2 3.49 

23 Nov 2019 87.1 82.7 81.0 81.9 19 24.7 4.58 

5 Dec 2019 147.2 141.3 138.4 139.8 30 19 4.90 

24 Mar 2020 155.9 149.7 146.5 149.7 32 13.8 2.86 

14 Jul 2020 22.4 20.6 19.7 20.4 7 12.8 2.58 

Note: recorded at the rain gauge station under tree canopy in each forest.  

 

3.2. Runoff 

 

The runoff volumes measured at the experimental plots are reported in Table 1SM of the 

Supplementary Materials. These measurements coupled to the rainfall records were the base for the 



evaluation of the hydrological response of the three soil conditions to burning and post-fire 

mulching in terms of runoff coefficient (that is, runoff standardised to the unit rainfall). In the 

unburned plots, this coefficient showed a low variability (0-0.08, pine, 0.07-0.17, chestnut, and 

0.00-0.19, oak forest) (Figure 4).  

In contrast, immediately after the prescribed fire, the runoff coefficient suddenly increased in all 

forest plots (up to a maximum of 0.48 ± 0.04 in the oak forest). In the plots of pine and chestnut, a 

high runoff coefficient was also noticed also after the second storm (0.22 ± 0.08 and 0.34 ± 0.11, 

respectively). In the oak forest, this coefficient decreased to values (0.20 ± 0.06) that were very 

similar to the unburned soil, and remained lower than 0.18. In the plots of pine and chestnut, the 

runoff coefficients decreased over time, and, after the third precipitation event, returned to very low 

values (lower than 0.13, pine, and 0.17, chestnut), which were close to the undisturbed soils (Figure 

4). 

Mulching with fern was effective in decreasing the runoff generation capacity immediately after the 

prescribed fire particularly in the plots of pine and chestnut. In these forests, the runoff coefficients 

after the first rainfall event were 0.10 ± 0.02 and 0.10 ± 0.03, respectively. This means that the 

runoff volume collected in the plot tanks was less than one third compared to the burned soils. In 

contrast, in oak plots, the runoff coefficient was 0.35 ± 0.06, about 27% less than in the burned 

plots. Over time, in burned and mulched plots of pine and oak, the runoff coefficients of the 

unburned soils (lower than 0.10, pine, and 0.12, oak) recovered, while, in the chestnut plots, these 

coefficients decreased to values (less than 0.06) that were significantly lower compared to the 

control soils (Figure 4). 

 

 



 



 

Figure 4 - Precipitation and runoff coefficients measured in plots after prescribed fire and soil 

mulching using fern (Samo, Calabria, Southern Italy).  

Notes: U = unburned soils; B = burned and not treated soils; B + M = burned and mulched soils. Different letters 

indicate statistically significant differences after Tukey’s test (p < 0.05). 

 

  

3.3. Erosion 

 

The measurements of sediment concentration in the runoff volume, reported in Table 1SM of the 

Supplementary Materials, allowed the changes in soil erosion rates after the prescribed fire and 

post-fire mulching in comparison to the unburned soils.  

As expected, the soil loss was of low amount in the unburned plots. The maximum erosion was 

estimated after the first event in the forests of pine and oak (5.31 ± 1.40 and 7.37 ± 2.72 g/m2, 

respectively), while the rainfall event that produced the highest soil loss (15.34 ± 3.21 g/m2) in the 

chestnut soil was the second event (Figure 5).  

For these two rainfall events, erosion increased very much in burned soils of all forests, and mainly 

in the soils of pine and chestnut. In these plots, the maximum values of soil loss, equal to 51.61 ± 

6.92 and 52.26 ± 13.67 g/m2, were detected after the first event. In the oak soils, erosion was 

noticeably lower, 15.12 ± 2.87 g/m2 (although higher compared to the unburned plots). However, 

mulching was effective to reduce these soil losses, and the maximum value (14.58 ± 4.80 g/m2) was 



detected in chestnut forest. The highest erosion in the mulched soils was always estimated after the 

first rainfall (Figure 5). 

After the first two events, soil loss showed a low variability in unburned soils, with a maximum of 

5.44 ± 2.79 g/m2 measured in oak plots after the last event. In burned and not treated soils, erosion 

decreased over time. Similar erosion rates as in the unburned plots were only estimated in the pine 

forests (up to 2.35 ± 1.43 g/m2). In contrast, in the plots of oak and chestnut, the soil losses were 

higher compared to the unburned soils (up to 14.16 ± 6.13 g/m2, oak forest), occurring after the 

third or fourth event (Figure 5). 

Covering soil with fern mulch was able to reduce erosion compared to the burned plots, and this 

beneficial effect was mainly observed in the forests of pine and chestnut. The maximum soil losses 

(1.87 ± 0.33 g/m2, pine) was observed after the third event, while the erosion was always over 5.40 

± 0.81 g/m2 in oak plots. In the plots of pine and chestnut, for all monitored events the soil losses 

were even lower in comparison to the unburned soils. In the oak forest, the pre-fire erosion rates 

only recovered for two precipitations (the fourth and the sixth events) (Figure 5). 



 



Figure 5 - 

Precipitation and soil loss measured in plots after prescribed fire and soil mulching using fern 

(Samo, Calabria, Southern Italy).  

Notes: U = unburned soils; B = burned and not treated soils; B + M = burned and mulched soils. Different letters 

indicate statistically significant differences after Tukey’s test (p < 0.05). 

 

4. Discussion 

 

4.1. Effects of prescribed fire on runoff and erosion 

 

All forest soils showed low runoff coefficients (not higher than 0.20), which means that, also after 

very intense storms (100-150 mm, having return interval estimated in 3-5 years in this area), the 

runoff generation capacity of these soils is basically limited. This is mainly due to the high water 

losses occurring in forest environments, on which high soil infiltration (mainly due to the noticeable 

organic matter content), tree canopy interception (especially in the broadleaf tree species), water 

retention by litter and understory, and evapo-transpiration rates are beneficial, e.g., Imeson et al. 

(1992), Llorens et al. (2011), and Nadal-Romero et al. (2016). The low runoff generation measured 

in the undisturbed soils also limited the erosion rates, whose maximum value was 0.15 tons per 

hectare (in the chestnut forest) for the most intense rainstorm. Cumulating all the erosive events 

observed in this study, erosion never exceeded 0.33 tons/ha throughout the monitored year, and this 



value is well below the tolerance limit of the range 3 to 11.2 tons/ha per year (Bazzoffi, 2009; 

Wischmeier and Smith, 1978). 

Immediately after the prescribed fire application, the runoff generation capacity of the soil 

significantly increased in all forest plots. For the first rainfall event, this increase was quantified 

between 150% (for the oak forest) and 375% (pine and chestnut) compared to the unburned soils, 

which represent the pre-fire values. The higher overland flow recorded immediately after burning 

was presumably due to the decrease in the roughness of the surface soil (Stoof, 2011), due to 

vegetation and litter removal, and to the reduction in soil’s water storage (Govers et al., 2000; 

Shakesby et al., 2015) due to the lower infiltration. 

The surveyed increase in runoff is in accordance with Andreu et al. (2001), who reported that the 

maximum runoff is observed during the early storms after the prescribed fire, the first months being 

the most critical period for runoff production (González-Pelayo et al., 2010; Rubio et al., 2003). In 

this study, the significant runoff generation observed in this period (about 2 to 4-fold the values 

measured in the unburned plots) complies with the results of Vega et al. (2005). These authors 

found increases in runoff between 2 and 5 times the control values in gorse shrublands of Galicia 

(NW Spain), although the climate of the studied area is wetter compared to Southern Italy. In 

disagreement with the latter study, González-Pelayo et al. (2010) reported 10-fold runoff after 

prescribed burning in a Mediterranean shrub ecosystem close to Valencia (Spain).  

In our study, immediately after the fire, erosion was in the range 0.09 (oak site) to 0.59 (chestnut) 

tons/ha. Throughout one to five years after prescribed burning, other authors reported erosion in the 

range 0.2-4.1 tons/ha under natural rainfall in Mediterranean shrubland and grassland (Vega et al., 

2005). In contrast, according to Shakesby et al. (2015), soil losses at hillslope scale were never 

higher than 2.41 tons/ha in the first year after the prescribed fire. A large range of soil loss is shown 

by Neary and Leonard (2021), from 0.1 to 15 tons/ha per year after low-intensity fires. 

The soil loss in our burned plots was much higher compared to the unburned soils throughout four 

to five months after burning. Immediately after application, fire made the soil exposed to erosion, 

particularly in the forests of pine and chestnut, and less in the oak plots. The increase in the erosion 

rates due to fire is variable from 500% in chestnut to 800% in pine for the first event, while this 

increase was only 100% in the oak forest. The erosion rates surveyed in the forests of pine and 

chestnut are higher than the values reported by Soto et al. (1994) and close to those of Soler et al. 

(1994). The soil loss surveyed in oak forest was two-fold  the erosion of the unburned soils, and this 

value is similar to the increases in burned areas reported by Vega et al. (2005). Therefore, our study 

has shown that erosion is not minimal following prescribed fires, in contrast with Morris et al. 

(2013), Coelho et al. (2004), and de Dios Benavides-Solorio and MacDonald (2005), but never 



remarkable, as found by other research. For instance, according to González-Pelayo et al. (2010), 

Inbar et al. (1998), Campo et al.  (2006), and Cawson et al. (2013), soil losses can increase even by 

100 times the erosion of unburned soils after prescribed fire.  

The worsened hydrological response of burned soils in the experimental plots was mainly ascribed 

to two effects: (i) the reduced  IR of all forest soils; and (ii) the SWR, particularly in pine and oak 

soils.  

The findings of our study are supported by the previous study carried out by (Carrà et al., 2021), 

who have evaluated the IR and SWR in the same forest stands, using a portable rainfall simulator to 

measure the IR, and the Water Drop Penetration Test (Bisdom et al., 1993; Letey, 1969; Woudt, 

1959) to estimate the SWR. In more detail, in all forest soils the prescribed fire reduced the mean IR 

compared to the unburned conditions. The increase in SWR may also have played an important role 

in increasing runoff and erosion immediately after fire in the soils of pine and oak, since the 

prescribed burning determined a strong repellency. In contrast, in the chestnut soils the prescribed 

fire did not alter the slight SWR found in unburned plots (Carrà et al., 2021).  

Presumably, also the litter and vegetation removal by fire may have played an influence on the 

hydrological response of the burned soils. Since litter and shrub covers were almost completely 

removed by the fire in the forests of pine and oak, the soil was left bare and thus exposed to the soil 

detachment due to the overland flow and as well as to rainsplash erosion. These effects of fire were 

lower in the chestnut forest, where the litter amount over ground was much lower compared to the 

other soils. Chestnut usually produces less litter than pine and oak, and this is the basic reason why 

the chestnut litter was shallower, and its recovery was slower compared to the other forest species. 

The changes in the hydrological response of the burned soils were not permanent, but remained 

noticeable throughout 3-4 months. Five months after burning, the low capacity of runoff generation 

that is typical of the unburned soils practically recovered. The same decreasing trend was noticed 

for the erosion in the pine soils, where, one year after fire, the soil loss became very similar as the 

unburned plots. Although declining over time, the increased erosion rates, noticed in the forests of 

chestnut and oak, were still evident, but not significant, after more than one year from fire 

application. This means that the recovery of the pre-fire hydrological conditions in the burned soils 

was not complete, although this incomplete recovery does not play significant effects on runoff and 

erosion rates. According to the previous study by Carrà et al. (2021), this recovery may be ascribed 

to the increase in the mean IR and to the disappearance of the SWR, both detected one year after 

fire. Moreover, in our experimental plots, we visually noticed that, progressively over time, the 

litter and shrub covers were recovering in the burned soils of oak and pine, thanks to the vegetation 

regeneration. In contrast, in the chestnut soils, litter cover was still limited after one year, as in the 



soil condition immediately before and after the prescribed burning. Vegetation recovery and litter 

accumulation during the growing season reduce the impacts of heavy storms during the wet season, 

preventing high soil loss (Klimas et al., 2020). Herbaceous and shrub vegetation, and litter covers 

reduce runoff and erosion rates thanks to rainfall interception, soil surface protection, and evapo-

transpiration (DeBano et al., 1998; Sayer, 2006; Stoof et al., 2011; Vega et al., 2005; Walsh and 

Voigt, 1977). Increases in surface roughness due to the vegetation and litter on the soil determine 

longer time for overland flow takes to begin during a storm (Cawson et al., 2012; Johansen et al., 

2001; Leighton-Boyce et al., 2007; Pierson et al., 2009; Stoof et al., 2011; Vega et al., 2005).  

Overall, regarding the effects of the prescribed fire on the soil hydrology, our study confirms the 

“classic” post-fire erosion curve (that is characterised by an early single peak immediately after 

burning), theoretically reported by Shakesby et al. (2015), Shakesby and Doerr (2006), Swanson 

(1981), with erosion strongly declining in the subsequent period (Klimas et al., 2020). According to 

the literature, the effects of an individual prescribed burn lasts for a short period, from three months 

(Stephens et al., 2004) to one year (Bêche et al., 2005; Cawson et al., 2012). Soil loss then declines 

in the subsequent months after a fire (Neary et al., 2005; Neary and Leonard, 2021), and is 

extensive in area but small in magnitude (Morris et al., 2014)  

 

4.2. Effects of mulching on runoff and erosion 

 

The treatment with fern mulch provided an effective soil protection, which was able to improve the 

hydrological response of burned soils. Mulching is effective in reducing runoff and erosion rates, 

since the mulch layer provides a cover that reduces raindrop impact, prevents soil sealing (Lucas-

Borja, 2021), promotes infiltration (Bombino et al., 2021, 2019), and decrease runoff velocity (Lal, 

1976; Prats et al., 2016). Moreover, the mulch cover synergistically acts with the remaining litter 

after burning (Vega et al., 2005) towards a reduction in the hydrological response of the burned 

soils to heavy seasonal storms.  

However, it should be noticed that the response of the experimental soils was different among the 

studied forest species in the short term, but very similar between the two monitored hydrological 

variables. More specifically, fern mulching was particularly effective in reducing the runoff 

generation capacity immediately after the prescribed fire in both plots of pine and chestnut. Here, 

reductions in runoff coefficients and erosion by 70-80% were achieved compared to the burned 

soils. Conversely, this reduction was much lower (25-30%) in oak plots. The effectiveness of fern 

mulching in our study is higher compared results with Prats et al. (2015, 2014, 2013, 2012), Groen 

and Woods (2008) and Robichaud et al. (2013). The first authors reported runoff reductions 



between 40 and 60% produced by mulching with forest residues or hydro-mulching during the first 

year. Groen and Woods (2008) and Robichaud et al. (2013) achieved decreases in runoff between 

30 and 60% using straw mulch under rainfall simulations and small paired catchments, respectively. 

In our study, the beneficial effects of the mulching treatment in the short term were not generally 

due to the changes in the hydraulic properties of the soils (namely IR and SWR). This contrasts the 

statement by Lal (1976), who reports that a mulch layer increases water infiltration and surface 

storage, and improves soil structure and porosity (Prats et al., 2015). Carrà et al. (2021) reported 

that, in the same forest stands, the mean IR slightly increased in the soils of chestnut and oak, but 

did not vary in pine forests. According to the same authors, the SWR was not affected by mulching, 

in line with (Prats et al., 2015). This result is expected, since the vegetal residues require time to be 

incorporated into the soil and to play effects on soil hydrology (Bombino et al., 2021, 2019). 

Instead, mulching was effective at providing soil with a cover of vegetal residues, as shown by the 

decreases in bare soil percentage and the progressive establishment of litter (except in chestnut) and 

shrubs compared to the burned soils.  

The improvement in the hydrological response of the burned forests due to mulching was losing 

importance over time, since the pre-fire soil hydrology (runoff coefficients and erosion rates) just 

recovered some months after burning. However, in soils of pine and chestnut, the runoff generation 

capacity was even lower compared to the unburned plots, and the same was observed for erosion in 

the chestnut forest. This means that the soil treatment with mulching may also be effective 

throughout several months after fire, since the vegetal residues are incorporated into the soil, where 

organic matter increases and plays beneficial effects on soil macroporosity and infiltration capacity 

(Bombino et al., 2021, 2019; Lucas-Borja et al., 2019b; Shabanpour et al., 2020). As a matter of 

fact, one year after fire, the study by Carrà et al. (2021) demonstrated that the infiltration capacity of 

soils mulched with fern noticeably increased over time, particularly in the soils of chestnut and oak, 

and less in the pine forest in all soil conditions. However, the incomplete recovery of the pre-fire 

infiltration did not significantly alter the runoff and erosion rates compared to the unburned soils, 

and it may be presumable that this recovery will complete in the short term (Carrà et al., 2021).  

One year after fire, the litter cover recovered in the forests of oak and pine. However, the area with 

bare soil was higher compared to the soil condition detected immediately after the prescribed 

burning, since the mulch cover progressively disappeared due to wind and degradation of the 

vegetal material. A comparative analysis of the organic matter content among the different soil 

conditions - not carried out in this study, since it was beyond its hydrological focus - could have 

quantified the amount of degraded mulch residues incorporated into the soil over time.   

 



5. Conclusions 

 

This study has evaluated runoff and erosion in soils of three Mediterranean forests after a prescribed 

fire and mulching treatment, and the results help in replying to the three research questions 

supporting the investigation. 

First, immediately after the prescribed fire, runoff and erosion significantly increase in all forest 

plots compared to the unburned soils. However, these increases (by 150% to 375% for the runoff 

coefficients, and by 100% to 800% for the soil losses) are much lower compared to the highest 

values reported in some studies. 

Secondly, the window of disturbance after fire is limited to three-four months after fire, and, after 

five months, the pre-fire runoff generation and erosion the soils are practically restored; if the runoff 

and erosion are still higher compared to the unburned soils, these changes are not significant.  

Thirdly, the mulch application using fern residues, which is widely available in Mediterranean 

forest and is more advisable compared to the most common use of straw, is effective at limiting the 

increase in the hydrological response observed in the burned soils. This has been demonstrated by 

reductions in runoff coefficients and soil losses by 70-80% (except for oak soils, -25-30% for both 

runoff and erosion) in the experimental sites. 

The changes in soil hydrology due to the prescribed fire are due to the reductions in IR, SWR 

(particularly in soils of pine and oak), and litter and vegetation removal. The soil cover due to 

mulching is effective and its influence on water infiltration and repellency in the burned soils is 

very limited. The increases in these hydraulic properties gain importance over time and become 

beneficial one year after fire, even determining in some cases higher infiltration, and lower runoff 

and erosion compared to the unburned soils. 

Further research is needed (i) to validate the results of this study achieved in plots through upscaling 

to hillslopes or better catchments, and (ii) to explore the influence of the physico-chemical 

properties (particularly the organic matter content) on the soil hydrology under burned (with and 

without treatments) conditions. 

Overall, the results of this investigation can support the tasks of landscape managers to identify 

proper fuel management practices for wildfire risk reduction (such as the prescribed fire), and of 

hydrologists to identify cheap and effective techniques of ecological engineering (such as the 

mulching with fern) in the Mediterranean forests. 
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Supplementary material 

 

Table 1SM - Runoff volume and its sediment concentration measured in plots after prescribed fire and soil mulching using fern (Samo, Calabria, 

Southern Italy).  

 

Runoff volume (mm) Sediment concentration (g/l) 

Unburned soil Burned soil 
Burned and 

mulched soil 
Unburned soil Burned soil 

Burned and 

mulched soil Event date 

Mean 
Std. 

Dev. 
Mean 

Std. 

Dev. 
Mean 

Std. 

Dev. 
Mean 

Std. 

Dev. 
Mean 

Std. 

Dev. 
Mean 

Std. 

Dev. 

Pine 

15 Jul 2019 4.69 1.74 22.31 1.35 6.63 1.16 1.20 0.34 2.35 0.36 1.64 0.37 

9 Oct 2019 0.00 0.00 11.03 3.74 4.37 0.33 0.00 0.00 1.47 0.14 0.26 0.02 

11 Nov 2019 10.22 4.80 11.12 0.53 10.35 0.80 0.47 0.45 0.21 0.13 0.18 0.02 

23 Nov 2019 6.18 4.78 7.01 1.02 5.41 1.73 0.11 0.12 0.19 0.10 0.03 0.02 

5 Dec 2019 7.85 6.59 8.44 1.02 8.91 2.40 0.00 0.00 0.07 0.05 0.00 0.00 

24 Mar 2020 13.06 11.16 19.77 5.98 8.81 0.60 0.02 0.02 0.03 0.02 0.03 0.01 

Chestnut 

15 Jul 2019 4.69 0.68 22.30 4.21 6.61 1.69 1.65 0.54 2.32 0.18 2.17 0.24 

9 Oct 2019 8.44 1.16 16.98 5.44 3.00 1.23 1.86 0.59 2.08 1.14 0.58 0.26 

11 Nov 2019 13.45 8.25 16.93 9.04 4.64 1.93 0.27 0.05 0.43 0.13 0.19 0.04 

23 Nov 2019 8.39 4.32 12.49 8.29 2.51 0.41 0.30 0.03 0.55 0.11 0.10 0.02 



5 Dec 2019 11.10 6.60 13.03 11.86 3.24 0.71 0.10 0.00 0.07 0.06 0.00 0.00 

24 Mar 2020 18.13 12.92 22.11 12.07 2.98 0.29 0.16 0.11 0.25 0.12 0.13 0.05 

14 Jul 2020 3.37 1.28 3.85 1.72 1.25 0.37 0.00 0.00 0.00 0.00 0.00 0.00 

Oak 

15 Jul 2019 12.55 2.90 31.34 2.29 22.98 3.69 1.58 0.15 1.48 0.37 1.51 0.09 

9 Oct 2019 0.00 0.00 10.00 3.13 3.27 2.83 0.00 0.00 0.90 0.26 0.51 0.89 

11 Nov 2019 16.35 3.11 20.64 3.05 17.81 1.68 0.31 0.06 0.34 0.13 0.32 0.06 

23 Nov 2019 7.70 2.80 15.86 6.84 9.66 0.17 0.59 0.22 1.12 0.96 0.89 0.29 

5 Dec 2019 11.01 1.30 21.11 10.64 16.52 0.86 0.40 0.17 0.48 0.20 0.40 0.09 

24 Mar 2020 16.36 6.01 22.11 5.32 18.78 1.20 0.32 0.06 0.37 0.05 0.29 0.03 

 

 


