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Abstract

:

Prescribed fire is commonly used to reduce the wildfire risk in Mediterranean forests, but the soil’s hydrological response after fire is contrasting in literature experiences. The mulch treatment can limit the increases in runoff and erosion in the short term after a fire. The use of fern is preferable to straw, due its large availability in forests. However, no experiences of post-fire treatment with fern mulch have been found in the literature and therefore the mulching effectiveness has not been evaluated. This study has measured water infiltration rate (IR) and water repellency (SWR) using a rainfall simulator in three Mediterranean forest stands (pine, oak and chestnut) of Calabria (Southern Italy) after a prescribed fire and mulching treatment with fern in comparison to unburned soil. Prescribed fire reduced water infiltration in all forests in the short term compared to the unburned conditions, and increased SWR in pine and oak forests. These reductions in IR in the time window of disturbance after fire increased the runoff generation capacity in all soils, but had a lower effect on peak flows. However, soil mulching with fern limited the runoff rates and peak flows compared to the burned soils, but this treatment was less effective in pine forest. One year after fire, IR increased in burned soils (treated or not) over time, and SWR disappeared. The effects of mulching have disappeared after some months from fire. The study confirms the usefulness of mulching in broadleaves forest in the short term, in order to control the hydrological effects of prescribed fire in Mediterranean forests. Both post-fire management techniques should be instead adopted with caution in conifer forests.
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1. Introduction


Prescribed fire is the planned use of low-intensity fire to achieve very different goals given certain weather, fuel and topographic conditions [1,2]. This management tool has been adopted for long time in many countries under different climatic conditions (e.g., Mediterranean ecosystems) to mitigate the impact of large-scale wildfire in forested environments [3]. The main objective of prescribed fire is the creation of forest areas with low fuel, in order to reduce the intensity, severity and damage of large wildfires [4]. However, prescribed fire leads to other beneficial effects, since it facilitates the germination and growth of understory vegetation, increases landscape heterogeneity, and improves pastures for livestock [3,5,6].



Prescribed fires are usually of a low intensity and their effects depend on the type and amount of fuel load and soil moisture [2,7]. The forest areas, where fire is applied in each operation, are variable in size, and depend on the topographic and climatic conditions [8]. The effects of the prescribed fire are thought to have small impacts on the different components of the forest ecosystems, due to the low fire severity and patch nature [9,10]. The literature has shown that prescribed fires do not have generally detrimental impacts on soil properties, since the burning temperature and fire duration are low [11,12,13]. However, the research is not unanimous about the effects of prescribed fire on the hydrological response of forest soils. For instance, González-Pelayo et al. [14] and Vega et al. [15] report increases in runoff and erosion by one and two orders of magnitude, respectively, compared to unburned areas [16], while, by contrast, Coelho et al. [17], and de Dios Benavides-Solorio and MacDonald [18] reported minimal erosion after prescribed fire [19]. This depends on both the operation parameters of fire application (intensity, cover, duration, temperature) and the physical properties of the treated soils (texture, aggregate stability, water content) [2,9]. In general, fire removes vegetation and modifies the hydrologic properties of soil [9,20,21]. A soil left bare due to vegetation removal becomes more susceptible to raindrop impact and particle detachment [22]. Moreover, water infiltration rates, which are generally high in undisturbed forest soils [23], can decrease. Both these fire effects may increase surface runoff and erosion rates [24].



Particular attention has been paid to Mediterranean ecosystems, where the intrinsic climate and soil characteristics may enhance the hydrological hazards not only in burned forests, but also in unaffected valley areas [21,25]. Although the prescribed fires have lower impacts on soil hydrology compared to wildfire, changes in the hydrological response of burned areas may be important [9,20,21], with noticeable increases in runoff and erosion rates in the time “window of disturbance” immediately after fire. In the Mediterranean forests, the hydrological processes generating surface runoff are dominated by the infiltration–excess mechanism [26]. In this environment, the reduction in the water infiltration rate (IR) of soil can enhance flooding and hydrogeological instability after the frequent and intense rainstorms that are typical of the Mediterranean climate [25]. Moreover, IR can be further decreased by soil water repellency (SWR), which is common in Mediterranean forest soils [7,27], which is primarily determined by the accumulation of long-chain organic compounds in/around soil particles.



In spite of ample literature, the studies about the changes in SWR and IR after fires of different severity are not consistent and are sometimes contrasting [9]. For instance, increases in SWR were observed by [4] in pine forests burned by prescribed fires in SE Spain; these effects were found to be even higher compared to high-severity fires [28]. Other authors report slight or no changes in SWR in soils burned at low temperatures [23,29]. Therefore, no direct associations between fire severity and SWR can be found as resulting from several factors, such as the natural variability in the study sites (soil water content and texture, and vegetation type) [9]. These inconsistencies also affect soil infiltration rates [30], with reductions [23] or insignificant changes [7] in IR after prescribed fires. Ash released by fire plays an important role in driving the hydrological properties of burned soils, but also, in this case, the effects can be contrasting (e.g., increase in water retention and reduction in sediment transport [31], or clogging of soil pores and sealing of the soil surface [32,33]). Furthermore, IR and SWR can be different in soils with the same properties, but covered by trees of different species or age [34,35].



It is evident that the characteristics of the soil surface after fire are critical for its hydrological response at both hillslope and catchment scales [33]. In order to reduce soil’s susceptibility to runoff and erosion after fire, several treatments have been proposed and their effectiveness has been verified in many environmental contexts [22,36]. Mulching is one of the most common post-fire management techniques, particularly when vegetation residues are used [6,37]. The objective of mulching is primarily the prevention of raindrop impact and decrease in hydraulic connectivity, but a mulch cover increases the infiltration rates and soil quality, and soil protection with ground cover, if used properly and at the correct time [37]. However, mulching can also have negative impacts on burned soils, since infiltration rates can be reduced when soil is in unsaturated and dry conditions [26].



Straw is commonly applied as mulching material on burned soils, and, in this case, the mulch cover can be removed by wind in some areas and become too thick in others, which hamper vegetation regeneration [38]. In addition, seeds, agro-chemicals and parasites may be transported by straw, determining the development of non-native vegetation and diseases to plants [39]. Forest residues and herbaceous plants may properly replace straw as mulch cover, since they do not contain non-native seeds or chemical residues, and are more resistant to wind [22]. In Mediterranean forest floor, residues of fern (Pteridium aquilinum (L.) Kuhn)—a vascular plant that abundantly grows also in semi-arid climates (where the water competition among plants is high [40])—contains low lignin (and thus can be easily incorporated into the soil over time) and can be easily transported inside the forestland. Therefore, its use as a mulch material in fire-affected areas could be preferable to straw. However, to the best of the authors’ knowledge, no experiences about using fern to protect burned soil from runoff and erosion impacts after fire are available in the literature. The effectiveness of soil mulching with forest residues, such as fern, are of utmost importance, to control runoff and erosion generation. Therefore, the beneficial effects of this species on the hydrological properties of burned soils should be explored.



This study evaluates the surface hydrology of three Mediterranean forest stands (pine, oak and chestnut) in Calabria (Southern Italy) after a prescribed fire and mulching treatment with fern in comparison to unburned soil. More specifically, IR, surface runoff and peak flow were measured immediately and one year after fire using a portable rainfall simulator, and SWR was determined using a Water Drop Penetration Test. We aimed to test if: (i) water infiltration is significantly reduced by fire in the short term, but the mulch cover with fern can limit this decrease, and (ii) SWR can affect forest soil immediately after fire, but its effect is temporary, since it disappears after some months.




2. Materials and Methods


2.1. Study Area


The experiments were carried out in three forest sites close to the municipality of Samo (Calabria, Southern Italy) (Figure 1). The first site (“Calamacia”, UTM coordinates 590293 E; 4215327 N) was a reforested stand of pine (Pinus pinaster Aiton, age of 20 years old) at an elevation between 650 and 700 m above sea level. The second forest (“Rungia”, 588635 E; 4216172 N) consisted of a natural stand of oak (Quercus frainetto Ten.) between 900 and 950 m. A third stand was a site (“Orgaro”, 590389 E; 4215530 N) reforested in 1990 with chestnut (Castanea sativa Mill.) at 700–750 m. In all sites, shrub formations mainly consist of Quercus ilex L., Rubus ulmifolius S., Leucanthemum vulgare Lam. (pine forest), Cyclamen hederifolium, Leucanthemum vulgare Lam. (oak) and Rubus ulmifolius S., Pteridium aquilinum L., Leucanthemum vulgare Lam. (chestnut). None of these forest stands have been managed from their plantation.



The climate of the area is typically semi-arid (“Csa” class, “Hot-summer Mediterranean” climate, according to Koppen [41]). Winters are mild and rainy, while summers are warm and dry. The mean precipitation is 1102 mm per year, while the mean annual temperature is 17.4 °C with minimum and maximum values of −4.3 and 43.1 °C, respectively (weather station of Sant’Agata del Bianco, geographical coordinates 4217548 N, 595159 E, period 2000–2020).




2.2. Experimental Design


In each experimental site, two areas were delimited in forest hillslopes with the same gradient (19.8 ± 0.62%) (Appendix A, Figure A1).



A first area (about 200 m2) was burned in early June 2019, simulating a prescribed fire. The fire operations were carried out with the support of the Forest Regional Agency (“Calabria Verde”) and the surveillance of the National Corp of Firefighters. During the fire, air temperature was on the average 26 (Calamacia, pine forest) to 43 (Rungia, oak) °C (Figure A2). The mean and maximum soil temperatures, measured by a thermocouple (at a distance of 0.50 from fire flame) connected to a datalogger at a soil depth of 2 cm, were 22.0 and 22.7 °C (pine), 21.0 and 26.9 °C (oak), and 24.7 and 28.8 (chestnut) °C. Fire operations lasted from 15 to 30 min, and the flame had a maximum temperature between 645 (chestnut) and 720 (oak) °C. The wind was practically absent and the air humidity was between 50 and 60%.



In this burned area, a small portion (about 3 m2) was covered with small branches of fern, which were cut from an adjacent zone and spread on the ground at a dose of 500 g/m2 of fresh weight (Figure A2) in the same day after the prescribed fire application. The mulch dose is equivalent to a dry matter of 200 g/m2 of straw, usually applied in burned and mulched areas [26,42].



A second area was not burned and left undisturbed and was considered as a “control” for each experimental site.



The soils of the experimental sites were of a loamy sand texture (10.6 ± 2.57% of silt, 8.76 ± 0.61% of clay, and 80.7 ± 2.68% of sand), except for the unburned area of the pine forest in Calamacia, which was sandy loam (10.1 ± 1.01% of silt, 9.0 ± 0.01% of clay, and 81.0 ± 0.99% of sand).



Overall, the experimental design consisted of three forest stands (pine, oak and chestnut) × three soil conditions (unburned, burned and not treated, and burned and mulched).




2.3. Hydrological Measurements and Analysis


For each forest stand and soil condition, rainfall simulations were carried out in three points randomly chosen. An Eijelkamp® rain simulator was used [43,44], according to the method setup by Bombino et al. [45] (Figure A3) This simulator allows reproducing rainfall with a maximum height and intensity of 18 mm and 360 mm h−1 (drop diameter of 5.9 falling 40 cm from the ground) and the collection of runoff and sediments in a small bucket. Previously, the simulator was calibrated by generating a rainfall of 3.0 mm at an intensity of 37.8 mm h−1 over a surface area of 0.305 m × 0.305 m. The water volume in the sprinkler tank (about 0.3 litres) was dosed by varying the pressure head, as suggested in the operating manual. In more detail, the pressure head on the sprinklers has been properly tuned by moving the aeration tube upward or downward. Throughout the simulated rainfall (300 s), the surface runoff volume was collected in a small graduated bucket on a time scale of 30 s. The time to peak, peak flow and cumulated runoff volume were measured. More specifically, the time to peak was the time measured from the rainfall start to the peak flow occurrence.



Moreover, the infiltration curves were determined by subtracting the runoff from the rainfall at each 30-s time interval. The infiltration test stopped when three equal time measurements of instantaneous infiltration had been recorded. The final infiltration rate was assumed as the IR.



Finally, the SWR was measured immediately beside (about 0.25 m) to the measurement point of IR, using the Water Drop Penetration Test (WDPT) method [46,47] on a soil with a natural water content. According to this method, 15 drops of distilled water were released, using a pipette, on the soil surface. The time necessary for drops to completely penetrate into the soil was measured. SWR was classified according to the values of WDPT proposed by [48]: (i) non water-repellent or wettable soil (class 0, WDPT < 5 s); (ii) slightly water-repellent soil (class 1, 5 < WDPT < 60 s); (iii) strongly water-repellent soil (class 2, 60 < WDPT < 600 s); (iv) severely water-repellent soil (class 3, 600 < WDPT < 3600 s); and (v) extremely water-repellent soil (WDPT > 3600 s) (Figure A4).



SWR is strongly influenced by soil humidity [49,50]. For this reason, soil water content (SWC) was also measured simultaneously to SWR by a device (Vegetronix VG400, accuracy of 2%, measurement range 0–50%), placed on the soil surface and connected to a data logger (UX120 4-channel Analog Logger, Onset HOBO, Bourne, MA, USA).



Although there was no difference between burned and not treated soils, and also burned and mulched soils immediately after the fire (because the mulch material was not incorporated into the soil), the WDPT tests were carried out on both soil conditions since fire and mulch application.




2.4. Statistical Treatment


The statistical significance of the differences among soil conditions for each forest stand was determined by applying a 2-way ANOVA test to the hydrological variables measured (IR, SWR, time to peak, cumulated runoff and peak flow). The latter were considered as dependent variables, while the simulation date (1 or 365 days from fire) and the soil condition (unburned, burned, and burned and mulched) were the independent factors. The pairwise comparison by Tukey’s test (at p < 0.001) was also used to evaluate the statistical significance of the differences in the hydrological variables of SWR among factors. In order to satisfy the assumptions of the statistical tests (equality of variance and normal distribution), the data were subjected to a normality test or were square root-transformed whenever necessary and separated for each forest species. The statistical analysis was carried out using the XLSTAT release 2019 software.





3. Results


Soil infiltration rates started from values around 37–38 mm/h (chestnut and pine) and 18–20 mm/h (oak for unburned and burned and mulched soils immediately after the prescribed fire) and decreased over time, when soil progressively was saturating. The time to steady conditions was short, from 180 (unburned soil in oak forest) to 390 s. This time was generally lower for measurements made one year after fire for pine and oak forests, without differences among the soil conditions. IR decreased faster in unburned soils immediately after fire, and throughout similar times one year after (Figure 2).



The analysis of water infiltration in unburned soils under steady conditions shows the highest IR in pine forest and the lowest in oak soil, while the soil covered by chestnut had intermediate values. This IR was on average stable over time, with very slight reductions in chestnut and pine forests, and a slight increase in oak soil one year after fire (Figure 3).



Although being of low severity, prescribed fire reduced the mean IR in soils of all forest species compared to the unburned conditions (Figure 3), and these differences were significant for chestnut and pine soils. The application of fern mulch helped in slightly increasing the mean IR in chestnut and oak soils, but not in pine (Figure 3). These variations were significant only for chestnut forest compared to burned soils, while the differences in IR between unburned as well as burned and mulched soils were significant only for pine soil.



One year after fire, the differences between the two survey dates were significant for oak and chestnut. The mean IR of burned soils increased compared to the measurements made immediately after fire. This effect was more noticeable in oak soils compared to chestnut and pine forests. The soils mulched with fern showed the highest IR among all soil conditions, except for pine soils. These values were always higher compared to the burned soils with a noticeable increase detected in oak soils (Figure 3).



SWC did not show significant variations among all soil conditions in the two measurement dates when the SWR measurements were carried out. In more detail, mean SWC was always in the range 15–20% for all forests and soil conditions at both measurement dates, except for oak soils immediately after fire, when SWC was on average between 16 and 22%, although this difference was not significant (Figure 4).



The similarity in SWC among the three soil conditions for each survey makes possible the comparisons of SWR values in the forest soils [51]. Immediately after fire, the unburned soils showed only a slight repellency (chestnut and pine) or no SWR (oak). Prescribed fire determined a slight repellency in chestnut soils, while a strong repellency was found in both pine and oak, with or without mulch cover (Figure 5). The difference between the mulched and untreated soils was due to the natural variability of the soil properties. Only the burned soil of oak forest had a significantly different SWR compared to the unburned forest, while SWR of burned and mulched soils were always significantly different compared to unburned sites. Fire increased WDPTs of all soils, and the difference over time was significant for all forest species. These variations did not alter SWR of chestnut forest (still in class 1), but made the pine and oak soils strongly repellent (SWR of class 3). For the soils treated with fern mulch, WDPT values increased in chestnut and pine, respectively, and decreased in oak. The SWR class was the same as the burned soils for all forests.



One year after fire all soils became non-repellent (SWR of class 1), as shown by the WDPT values that were equal to one (Figure 5).



The variations of the monitored hydraulic properties determined changes in the hydrological response of the three forest soils among the different conditions. More specifically, the runoff generated in the unburned soils by the simulated rainfall did not show significant variations at the two dates of the experiment. Fire negatively affected the runoff generation capacity in chestnut and mainly in oak soils (but only in this case significantly), while this increase was negligible for pine. Soil mulching with fern was effective, although not significantly, in reducing the runoff response in chestnut soils, and less in oak forests, while the runoff measured in pine soils was basically the same as the other soil conditions. One year after fire, the hydrological response of oak soils was statistically similar among the three conditions, while the burned soils of pine and chestnut showed a higher runoff generation capacity (Table 1).



Small (±11.5%, pine and oak soils) or negligible (+5.2%, chestnut soil) variations in peak flow were measured in all forest soils immediately after the prescribed fire. The mulch application reduced the peak flow in chestnut (by 50%) and oak (by 26.5%) soils down to values that were even lower (by 18%, oak, and 47.4%, chestnut) than in unburned soils. In contrast, in the pine forest treated with mulching, the peak of the hydrograph increased by 13.6% compared to the unburned soil. One year after fire, the increase in peak flow between burned and unburned soils became high only in the pine soil (+85.8%), while these variations were lower in the other forest soils (+10.3%, chestnut, and +27.9%, oak). The mulch application did not noticeably alter the peak flow measured in the unburned soils of chestnut (+6.9%) and oak (−3.3%) forests, which instead increased very much in pine soils (+92.9%) (Table 1).



The time to peak (between 90 and 120 s in unburned soils) generally decreased (to 60 s) in burned soils at both the dates of rainfall simulations, with one exception (150 s, pine forest immediately after fire). Compared to unburned soils, mulch application increased (chestnut and oak soils, 150 s) or did not vary (pine forest) the time to peak immediately after fire. One year after, this time was the same as in the unburned soils (chestnut and oak forest), while it decreased to 90 s in pine soils (Table 1).




4. Discussion


The Mediterranean climate is characterized by flash rainfall events with a very low duration and, therefore, a high intensity [25]. Moreover, the dominant runoff generation mechanism is “infiltration-excess” [21]. When a high-intensity rainfall exceeds the water infiltration rate of soil, runoff can be generated also in the early stage of a rainstorm, and this makes significant our experimental rainfall simulation. Moreover, the measurement of the IR carried out in this study relates to the unsaturated fire-affected soil, and this parameter may be initially more important than saturated hydraulic conductivity at the time scale of convective rainfall, which is typically short and only lasts 20–60 min, but is common in many post-wildfire response domains [26,52]. Therefore, the rainfall simulations carried out in the experimental site helped in identifying the changes in IR and SWR after the prescribed fire, which are somewhat contrasting in the literature [9]. The IR of burned soils decreased more rapidly compared to the other soil conditions (mainly one year after fire), and this may be a detrimental effect for soil. The reduction in IR in the short term may be due to two synergistic effects. First, the presence of the ash layer left by fire may have clogged soil pores and induced sealing of the soil surface, [32,33], while it was not able to increase water adsorption before infiltration [31,53], due to its small thickness. Other studies about prescribed fire have shown that ash contributed to reduce infiltration, creating a thin layer (few mm) of low porosity and permeability [53]. Second, fire has induced water repellency in the soils of all forest species, with particular intensity in pine and oak forests (where repellency was strong). This result is basically in line with some previous studies, which showed that increases in SWR are common after low-intensity fires [4]. However, the literature results are not consistent about the occurrence and extent of SWR after prescribed fires [2], since water repellence may increase [54], not change [23] or decrease [55].



Reductions in water infiltration rates have been shown by some authors after prescribed fires [23,30], but these effects are limited to a few months after burning and generally are not significant [7,56]. In contrast, significant decreases in steady-state infiltration rates were found by other studies in areas burned with prescribed fires, and these reductions were attributed to the synergistic effects of increased water repellency and sealing, and reduced vegetation cover [11].



In the oak wood of our experimental site, the noticeable SWR did not lead to as much significant decrease in IR, and this may be surprising, since an increase in repellence is generally associated with lower water infiltration [30]. IR and SWR (measured by WDPT) are physical parameters that quantify two different processes (infiltration and hydrophobicity). The variability of these processes may be opposite (increases in hydrophobicity can be associated to decreases in water infiltration), but, in some cases, may be the same [34], and this depends on a number of physical and chemical properties of soil (mainly organic matter, texture, plant species). As a matter of fact, Cawson et al. [9] stated that the increase in SWR is not the only reason of infiltration reduction after low-intensity fire. The low content of clay in the experimental soils could have been a reason for the limited effect of SWR affecting the burned soils, since soils with prevailing fine fractions generally exhibit the highest effects of repellency [51]. Moreover, it cannot be excluded that prescribed fire only had a punctual effect on soil repellency, without affecting the entire soil surface exposed to rainfall. This is in close accordance with Neary and Leonard [8], who stated that water repellency occurs in very localized zones after prescribed fires, and that these spots usually do not play significant effects over larger areas. It is also possible that the initially low infiltration rate of oak soils may have gradually increased as water repellence was broken down, as reported by [9,23], and also when water repellence is moderately strong. Following some of these studies, these increases are generally of a low extent, and this makes the effects of SWR on soil hydraulic properties negligible [23,29]. A possible explanation for IR decrease measured in the pine forest may be the partial sealing of soil due to wax, aromatic oil and resin of trees (released after fire). Instead, water repellence did not affect soils with species (oak and chestnut) that do not release these compounds [11,57].



The irregular distribution of litter and herbaceous covers in the chestnut forest let the prescribed fire have a patchy nature, which smoothed its effects on the short-term changes in soil hydraulic properties. This is in accordance with Cawson et al. [9], who state that low-fire severity and burn patchiness are the main reasons for the small impacts that follow prescribed burning. The decoupling of SWR and IR in soils covered by different tree species was noticed also by Zema et al. [34] in similar forest ecosystems covered by pines, junipers and oaks. However, all these effects require further investigations, since it is quite difficult to disentangle the actions of soil coating due to resin release and water repellence due to the OM content [11,58].



The reductions in IR measured immediately after fire in the soils of all forest species were of 45–50% compared to the unburned conditions, and worsened the soil’s hydrological response. As a matter of fact, while the runoff generation capacity of the unburned soil was stable, fire increased the runoff generation capacity up to 120% in oak forest (presumably due to the complete litter burning in this broadleaves species, which retain rainfall and shadows soil from erosion). At a plot scale, Vega et al. [15] Morales et al. [59] and Vieira et al. [60] also measured significantly higher runoff volumes compared to unburned soils for one year after a prescribed fire.



Conversely, the application of the prescribed fire had a lower effect on peak flows (maximum increase of 11%). In other words, the prescribed fire did not affect the peak values of the runoff hydrograph measured throughout the rainfall simulations, and this means that fire is not able to enhance the flood risk due to increased peak flows. This complies with the statements by Robichaud et al. [23], who report constant runoff hydrographs in rainfall simulations after low intensity burns. In contrast, Keesstra et al. [33] noticed in runoff hydrographs after rainfall simulations a sudden increase in the runoff rate and then a quick decrease until a constant value of runoff. However, since in our study the time to peak of burned soils sometime decreased compared to unburned soils. An increase of the time of concentration in flood events may be possible, and this requires attention.



Soil treatment with fern mulch, whose immediate effects on soil were only mechanical, limited the reduction in water infiltration due to fire in oak and chestnut forests (IR lower by 46% and 35% compared to unburned soils). Consequently, the runoff measured in these soils decreased compared to the fire-affected areas (by 10% to 50%), and was higher by 96% (oak) or even lower by 35% (chestnut) compared to the unburned areas. Moreover, peak flows were noticeably lower than in both unburned and burned conditions (−20% to −50%, respectively). The lower hydrological response in the mulched areas may be also due to the soil roughness, which was increased by the vegetal residues distributed over ground. Soil mulching also reduced the time to peak in the short term. In contrast, no effects of mulching on IR, runoff, peak flow and time to peak were detected in pine soils. This may be due to the ineffectiveness of mulching treatment in reducing SWR, which is the main reason of IR decrease in pine soils. Conversely, Bento-Goncalves et al. [39] think that pine needles fell after prescribed fire are able to adequately protect soil as a mulch cover, thus reducing the overland flow.



The increase in the IR of burned soils (treated or not) over time is expected [2,9]. This increase may be primarily due to the disappearance of ash, sealing and repellency—with a vanished effect on water infiltrability—and secondarily to the incorporation of litter residues into soils in burned areas, which sums up to the vegetal residues of fern in mulched soils. SWR after prescribed fires is usually of a short duration, since the hydrophobic compounds are slightly water soluble and dissolve generally one or two years after a fire [23]. In some Mediterranean pine forests, the effects of SWR even disappeared just after one month from fire [4]. Soil enrichment in organic matter is beneficial for the hydraulic properties of soils. Although no measurements in OM were made in this study (which focuses on the hydraulic response of soils rather than on the physical and chemical properties), the high amounts of litter material in oak forest visually noticed on the survey area compared to the other species may support this explanation. As a matter of fact, the IR increase was more noticeable in oak soils compared to chestnut and pine forests, and the same effect was observed in mulched soils, which showed the highest IR. It is worth highlighting that oak soils treated with fern mulch not only showed the highest IR among all the investigated soil conditions, but their infiltrability was higher by 110% compared to the unburned soils. In any case, IR of mulched soils was by 15% (for pine soils) to 60% (oak forest) higher than in burned areas, and this proves the effectiveness of mulching in improving the hydrological properties of soils after burning. Despite the increases measured in IR in mulched areas, one year after the prescribed fire the runoff generation capacity of the treated soils was not significantly different compared to the other soil conditions in chestnut or oak forests. As a matter of fact, variations in runoff between −3% and +20%, and in peak flow between −3% and −7% were detected, and the same was noticed for the times to peak, which means that the soil’s hydrological response was not influenced by mulching. In pine forest, mulching determined increases in runoff and peak flow by 2% and 4%, respectively, which means that the hydrological response of burned and treated soils (runoff generation, peak of hydrograph and time to concentration) even worsened compared to burned but not treated forests. Although fern has a limited leaf cover (at least in comparison to broadleaf species), the residues can retain water, which afterwards can evaporate, thus limiting surface runoff. However, water drops may flow over the stems and leaves of the residues with a quicker path compared to the overland flow, and therefore a runoff velocity that is higher. To avoid this undesired process, a patchy distribution of fern residues over ground can be suggested, which creates a hydraulic disconnectivity in these quick water flow paths. Unfortunately, the small size of the simulator area does not allow evaluating the impacts of mulching in decreasing hydraulic connectivity, which is a beneficial effect in reducing the travel times of water and sediment flows at the catchment scale [61]. An increased hydraulic connectivity after wildfire may have serious off-site effects, such as increased risk of flooding and pollution of water bodies. The vegetal residues of the mulch cover over ground increases soil roughness and represents obstacles against the water and sediment flows, disrupting the continuity of runoff and sediment pathways.




5. Conclusions


This study has evaluated the changes in the soil infiltration of pine, chestnut and oak forests due to prescribed fire and post-fire treatment with fern mulch in field experiments using a rainfall simulator. The fire application reduced water infiltration immediately after fire compared to the unburned conditions, and this reduction has been ascribed to the released ash and SWR. This latter effect was more noticeable in pine forest and less intense in oak soil. These reductions in IR in the window of disturbance after fire increased the runoff generation capacity (conversely stable in unburned soils) in all soils, but had a lower effect on peak flows. Due to the lower reduction in infiltration in oak and chestnut forests due to fern application after fire, soil mulching limited runoff rates and peak flows compared to the burned soils. In contrast, the treatment was less effective in the pine forest.



One year after fire, IR increased in burned soils (treated or not) over time, since ash cover, sealing and SWR disappeared and the residues of litter and mulch were incorporated in the soil. Mulched soils in oak forest showed the higher IR increase compared to chestnut and pine forests. However, this increase was not able to determine significant reductions in runoff and peak flow in treated soils compared to burned and unburned conditions. Therefore, the effects of mulching have disappeared after some months from fire.



Overall, this investigation has confirmed both the working hypothesis that prescribed fire may worsen the soil’s hydrological response to burning, but mulching is particularly effective in reducing runoff volumes and peak flow immediately after fire in broadleaves species (but not in conifers). Its hydrological effects decrease over time until they are not significant or even negligible some months after the fire, and, in conifers, even detrimental. This study has been carried out on a local scale and under simulated rainfall, and has not evaluated the erosion response of burned soils (treated or not). Further research is needed with field scale extension to plots or hillslopes (perhaps incorporating the time variability of natural rainfall and comparing soil loss in the different conditions). This extension is welcome in order to consider the patchy nature of prescribed fire and the effects of mulching on hydraulic connectivity, and to give indications about the most suitable distribution of mulch material over soil (e.g., homogenous cover or patchy distribution).
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Figure A1. Prescribed fire operations (a) and mulching application (b) in the experimental site (Samo, Calabria, Southern Italy). 
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Figure A2. Experimental areas unburned or subjected to prescribed fire and mulching with fern (Samo, Calabria, Southern Italy). (a) oak; (b) chestnut; (c) pine. 






Figure A2. Experimental areas unburned or subjected to prescribed fire and mulching with fern (Samo, Calabria, Southern Italy). (a) oak; (b) chestnut; (c) pine.



[image: Hydrology 08 00095 g0a2a][image: Hydrology 08 00095 g0a2b]







[image: Hydrology 08 00095 g0a3 550] 





Figure A3. Measurements of soil hydraulic conductivity (using a portable rainfall simulator) and fern mulch application into the rainfall simulator at the experimental site (Samo, Calabria, Southern Italy). 
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Figure A4. Measurements of soil water repellency (by the WDPT method) in the experimental site (Samo, Calabria, Southern Italy). 
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Figure 1. Location of the experimental site (Samo, Calabria, Southern Italy). 
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Figure 2. Infiltration curves measured using a portable rainfall simulator after prescribed fire and soil mulching with fern in the experimental site (Samo, Calabria, Southern Italy). 
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Figure 3. Water infiltration rate measured using a portable rainfall simulator after prescribed fire and soil mulching with fern in the experimental site (Samo, Calabria, Southern Italy). Note: different lowercase letters indicate significant differences in the interaction between soil conditions and time after fire, respectively, after Tukey’s test (p < 0.05). 
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Figure 4. Soil water content (SWC) measured after prescribed fire and soil mulching with fern in the experimental site (Samo, Calabria, Southern Italy). Notes: bars report mean ± std. dev. (n = 3); TAF = time after fire. Different lowercase letters indicate significant differences in the interaction between soil conditions and time after fire, respectively, after Tukey’s test (p < 0.05). 
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Figure 5. Soil water repellency (as WDPT) measured after prescribed fire and soil mulching with fern in the experimental site (Samo, Calabria, Southern Italy). Notes: Bars report mean ± std. dev. (n = 3); left and right bars of chart are the values measured one day and one year after the prescribed fire, respectively. Green, yellow and red colours refer to SWR class 0, 1 and 2, respectively. The green line identifies the non-repellency condition of soi. Different lowercase letters indicate significant differences in the interaction between soil conditions and time after fire, respectively, after Tukey’s test (p < 0.05). 
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Table 1. Runoff volume, peak flow and time to peak measured after prescribed fire and soil mulching with fern in the experimental site (Samo, Calabria, Southern Italy). Mean ± std. dev. (n = 3).
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Species

	
Time after Fire (Days)

	
Soil Condition




	
Unburned

	
Burned

	
Burned and Mulched






	
Runoff (mm)




	
Chestnut

	
1

	
0.44 ± 0.07 a

	
0.60 ± 0.11 a

	
0.29 ± 0.17 a




	
365

	
0.40 ± 0.24 a

	
0.56 ± 0.05 a

	
0.49 ± 0.12 a




	
Pine

	
1

	
0.33 ± 1.00 a

	
0.35 ± 0.03 a

	
0.36 ± 0.01 a




	
365

	
0.41 ± 0.26 a

	
0.64 ± 0.57 a

	
0.65 ± 0.19 a




	
Oak

	
1

	
0.54 ± 0.40 ab

	
1.21 ± 0.00 c

	
1.06 ± 0.30 a




	
365

	
0.63 ± 0.06 ab

	
0.65 ± 0.02 bc

	
0.61 ± 0.05 bc




	
Peak flow (mm h−1)




	
Chestnut

	
1

	
11.46 ± 0.85 a

	
12.06 ± 0.01 a

	
6.03 ± 5.12 b




	
365

	
11.66 ± 5.70 a

	
12.86 ± 2.41 a

	
12.46 ± 3.04 a




	
Pine

	
1

	
9.55 ± 0.28 a

	
8.44 ± 1.84 a

	
10.85 ± 10.23 a




	
365

	
8.44 ± 1.65 a

	
15.68 ± 19.61 b

	
16.28 ± 1.21 b




	
Oak

	
1

	
24.52 ± 5.57 a

	
27.34 ± 5.12 a

	
20.10 ± 3.48 a




	
365

	
13.67 ± 4.18 b

	
17.49 ± 0.70 b

	
13.22 ± 3.04 b




	
Time to peak (s)




	
Chestnut

	
1

	
120 ± 60 a

	
60 ± 30 a

	
150 ± 30 b




	
365

	
90 ± 7.67 a

	
60 ± 30 a

	
90 ± 0 a




	
Pine

	
1

	
120 ± 30 a

	
150 ± 30 b

	
120 ± 60 a




	
365

	
120 ± 30 a

	
60 ± 60 c

	
90 ± 0 a




	
Oak

	
1

	
90 ± 0 a

	
90 ± 0 a

	
115 ± 30 a




	
365

	
120 ± 15 b

	
60 ± 15 c

	
120 ± 30 c








Note: different lowercase letters indicate significant differences in the interaction between soil conditions and time after fire, respectively, after Tukey’s test (p < 0.05).
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