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Abstract. Wildfires are known to change post-fire watershed conditions such that hillslopes can become prone to
increased erosion and sediment delivery. In this work, we coupled wildfire spread and erosion prediction modelling to
assess the benefits of fuel reduction treatments in preventing soil runoff. The study was conducted in a 68 000-ha forest
area located in Sardinia, Italy. We compared no-treatment conditions v. alternative strategic fuel treatments performed in
15% of the area. Fire behaviour before and after treatments was estimated by simulating 25000 wildfires for each
condition using the minimum travel time fire-spread algorithm. The fire simulations replicated historic conditions
associated with severe wildfires in the study area. Sediment delivery was then estimated using the Erosion Risk
Management Tool (ERMiT). Our results showed how post-fire sediment delivery varied among and within fuel treatment
scenarios. The most efficient treatment alternative was that implemented near the road network. We also evaluated other
factors such as exceedance probability, time since fire, slope, fire severity and vegetation type on post-fire sediment
delivery. This work provides a quantitative assessment approach to inform and optimise proactive risk management
activities intended to reduce post-fire erosion.
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Introduction layers, resulting in increasing surface runoff and erosion

Wildfire regimes play a key role in structuring many commu-
nities of the Mediterranean Basin. Climate and socioeconomic
changes can alter wildfire regimes in the future, and increase the
risks posed by large and severe wildfires in Mediterranean
forests and shrublands (Brotons ez al. 2013; Lozano et al. 2017,
Viegas et al. 2017; Chergui et al. 2018; Ruffault et al. 2018; San-
Miguel-Ayanz et al. 2018; Turco et al. 2018; Salis et al. 2019).
High-severity wildfires can be responsible for negative impacts
on ecosystems (DeBano er al. 1998; Certini 2005). Among these
impacts, several researchers have emphasised the negative
effects on soils, which are affected by the removal of vegetative
cover and the creation or enhancement of water-repellent soil
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potential (Cerda and Doerr 2007; Larsen et al. 2009; Shakesby
2011; Robichaud et al. 2013; Fonseca et al. 2017; Capra et al.
2018). Large and severe wildfires are a potential threat to
watershed conditions and can have manifold effects on hydro-
logic processes including change in flow regimes, flood fre-
quency, erosion and debris flows (Shakesby 2011; Thompson
et al. 2013; Zavala et al. 2014). Wildfires can also lead to
changes in stream water chemistry, and post-fire sediment-
driven transport can increase contaminant loads, with the related
significant consequences for human health, safety and aquatic
habitats (Stephens et al. 2004; Zavala et al. 2014; Nunes et al.
2018; Rust et al. 2018). It is recognised that the impacts of
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wildfire on hydrology and geomorphology depend on several
inter-related factors including burn severity, soil characteristics,
terrain configuration, fuel types and post-fire weather condi-
tions (Shakesby and Doerr 2006; Prats ez al. 2014; Zavala et al.
2014; Hyde et al. 2017). For instance, intense rainstorms fol-
lowing wildfires can increase the risk of extensive flooding and
high sediment delivery (Onodera and Van Stan 2011; Shakesby
2011; Sankey et al. 2017).

Predicting post-wildfire erosion risk can be used to inform
fuel, forest and other management investments in terms of scope,
extent, and location of treatments (Robichaud and Ashmun 2013;
Thompson et al. 2013). For instance, hazardous fuel reduction
treatments designed to reduce fire intensity and severity (Ager
et al. 2014; Buckley et al. 2014; Elliot et al. 2016; Sidman et al.
2016; Vaillant and Reinhardt 2017) can be located in areas where
fires are most likely to impact runoff. A number of simulation
studies have concluded that fuel management can be effective in
modifying fire behaviour and burn probability in mediterranean-
climate areas and elsewhere (Reinhardt e al. 2008; Ager et al.
2010; Oliveira et al. 2016; Salis et al. 2016, 2018; Alcasena et al.
2018; Palaiologou et al. 2018). Fuel management strategies
employ a combination of surface fuel loading, depth and conti-
nuity reduction treatments, and silvicultural practices to change
tree crown structure (e.g. thinning and pruning), as well as the
creation of infrastructures and safety areas to facilitate fire
suppression activities (e.g. road networks, fire breaks and water
sources) (e.g. Fernandes and Botelho 2003; Molina et al. 2011,
Corona et al. 2015; Salis et al. 2016).

One approach to predict and prioritise areas for treatment is
using a risk-based framework where fire simulation models are
coupled with erosion models to predict high-impact areas. Fuel
management can then be modelled to determine the net benefit of
treatments (Elliot ef al. 2016; Sidman et al. 2016). For instance,
Miller et al. (2011) estimated burn severity and post-fire ground
cover with the First Order Fire Effects Model (FOFEM), and
then applied the Geospatial Water Erosion Prediction Project
(GeoWEPP) model for predicting post-fire erosion in the western
USA. Scott et al. (2012) combined geospatial analysis, large-fire
simulations with the Fire SIMulation system (FSim) and burn
probability modelling to examine pixel-based measures of wild-
fire hazard and watershed exposure with the aim of identifying
watersheds that were likely to burn at high intensity, which could
be used to inform mitigation and prioritisation efforts in the
Beaverhead—Deerlodge National Forest in Montana (USA).
Thompson et al. (2013) generated spatially resolved estimates
of wildfire likelihood and intensity with FSim, and coupled that
information with spatial data on watershed location and erosion
potential to quantify watershed exposure and risk on National
Forest System lands in the Rocky Mountain region in the USA.
Sidman et al. (2016) modelled fire severity in the Bryce Canyon
National Park in Utah (USA) with FuelCalc, FlamMap and
FOFEM, and post-fire hydrology and erosion effects with the
KINEROS 2 model. Elliot et al. (2016) coupled FlamMap and
FSim to predict respectively burn severity and probability in a
study area in California (USA), and then performed GeoWEPP
simulations to estimate sediment yields for undisturbed, burned
and managed hillslopes and to evaluate the costs of fuel treat-
ments to reduce fire severity. Elliot and Miller (2017) used
FlamMap in Idaho (USA) for predicting burn severity and
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GeoWEPP for modelling erosion from both wildfire and fuel
management on treatment areas. Srivastava et al. (2018) com-
bined FlamMap and Water Erosion Prediction Project (WEPP) to
identify high-erosion-risk hillslopes following wildfire and to
evaluate the effects of fuel treatments on the hydrological
response of a watershed located in Washington (USA).

In the present paper, we build on previous work by examining
the effects of a range of multi-objective fuel treatment strategies,
as well as of post-fire erosion control treatments, on potential
soil erosion risk in the Mediterranean Basin. The study area was
a 68 000-ha fire-prone area located in north-eastern Sardinia,
Italy. We used fire simulation models to estimate spatial
variability in wildfire behaviour and intensity, and used these
outputs to feed the Erosion Risk Management Tool (ERMiT,
Robichaud 20074, 2007b). The effects of soil burn severity, time
since fire, vegetation type and recovery, slope steepness, and
sediment delivery exceedance probability on sediment yields
were investigated. We then examined the potential of three
competing fuel treatment strategies that prioritised treatments:
near wildland—urban interfaces (WUI), near roads (ROAD) or
randomly located (RAND). We discuss the results in terms
of efficient strategies for allocating scarce funding for fuel
management or maximising benefits to watershed conditions.

Material and methods
Study area

The study area covers ~68 000 ha of land and is located in north-
eastern Sardinia, Italy (Fig. 1). The topography of the area is
complex: terrain elevation ranges from ~45 to ~1350 m above
sea level (a.s.l.), with several hills and low mountains (Fig. 1).
The climate is Mediterranean, which is overall characterised by
drought conditions from late May until September. The average
annual precipitation is greater than 1000 mm at the highest
elevations where summer storms are frequent, and ~650 mm
in lower-elevation areas. The rainiest months are typically
November and December. The mean annual temperature of the
study area is ~13°C, with significant variations between moun-
tain peaks and lowest areas (Chessa and Delitala 1997). The
vegetation is largely characterised by the presence of shrublands
and forests, which occupy ~46 000 ha of the study area (Fig. 1).
Oak woodlands (Quercus ilex L. and Quercus suber L.) are the
most important forest type in the study area. Conifer species are
mainly represented by artificial plantations of Pinus pinea L.,
Pinus pinaster Aiton and Pinus nigra ss. laricio Poir, even though
their presence is limited. High and dense Mediterranean maquis
covers large parts of the study area, particularly in the hilly and
mountainous areas of Monte Limbara, with Erica arborea L. and
Arbutus unedo L.; grazed and degraded areas are characterised by
greater presence of Cistus monspeliensis L., Pistacia lentiscus L.
and low shrubs (Fig. 1). Anthropic areas cover ~ 1% of the study
area and include the town of Tempio Pausania. Fruit-bearing
areas, mostly sparse vineyards and olive groves, cover ~2300 ha
located on flat terrain and near urban areas. Grasslands and
agricultural areas are mainly herbaceous and horticultural pro-
duction and characterise ~20% of the study area, particularly in
the plains (Fig. 1).

Recent wildfire history from 1980 to 2010 indicates the study
area experienced ~800 ignitions; wildfires smaller than 10 ha
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Fig. 1. Map of the study area, located in northern Sardinia, Italy. The topmost map (@) shows the terrain
elevation (DEM, digital elevation model) of the study area, together with roads, anthropic areas (AA), and
wildfire ignition points (IP) of the period 1980-2010. The bottom map (b) presents the main fuel types, as
derived from the 2008 Sardinia land-use map (http://www.sardegnageoportale.it/). AA, anthropic areas;
W, water bodies; R, rocks; S, sands; GR, grasslands; MA, mixed agricultural areas; VO, vineyards
and orchards; HP, herbaceous pastures; G, garrigue; MM, Mediterranean maquis; CF, conifer forests;

BF, broadleaf forests; MF, mixed forests.

comprised 95% of these ignitions, although the remaining
wildfires were responsible for 90% of the total area burned.
The largest wildfire was in 1983; it burned 18 000 ha near the
town of Tempio Pausania and caused nine fatalities in the
northern part of the study area. The majority of the ignitions
were concentrated in the hottest months of the year (June to
September); ~60% of the ignitions happened from mid-July to
late August. The most common areas of ignitions were roads and
the areas surrounding anthropic zones (Fig. 1).

Input data for wildfire modelling

To generate the gridded landscape file for FlamMap (Finney
2006), we assembled all input data at a 25-m resolution. The
topographic input data (elevation, slope and aspect) were
derived from a 10-m digital elevation model of Sardinia (www.
sardegnageoportale.it/, accessed 30 July 2019). Surface and
canopy fuels were interpreted from the 2008 Sardinian Land Use
Map (www.sardegnageoportale.it/): we identified 13 fuel types,
for which we associated standard or custom fuel models
(Anderson 1982; Scott and Burgan 2005; Arca et al. 2009).

As described in Salis et al. (2016), we used different models for
forest fuels depending on elevation, using 600 m as a threshold.
Quercus suber L. and Quercus ilex L. stands were used as ref-
erence to estimate canopy bulk density, canopy base height and
canopy height (INFC 2005). Regarding fuels, we also generated
three different fuel treatment scenarios carried out within the
wildland—urban interface (WUI), near roads (ROAD), or ran-
domly located (RAND) (Fig. 2). WUI and ROAD scenarios
were obtained by the application of the LTD (Landscape
Treatment Designer) spatial treatment optimisation software
(Ager et al. 2013; Vogler et al. 2015).

Each fuel treatment scenario was performed for a total area of
10000 ha (15% of the study area) (Fig. 2). The treatments
modelled common fuel management operations including prun-
ing of the lowest branches, and removal of dead fuels and part of
the understorey for shrublands, forest understorey and herba-
ceous pastures (Sardinia Forest Agency, pers. comm. 2014).
Fuel moisture content (FMC) for the 1- and 10-h-time lag
dead fuels was estimated using historic moisture data above
the 97™ percentile, according to sampling campaigns carried out
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Spatial location of the fuel treatments tested in this work. WUI, wildland—urban interface protection (a); ROAD,

road protection (b); RAND, random location (c). The area treated for each of the above three strategies was 15% of the

study area.

in Sardinia in previous years, as described in Pellizzaro et al.
(2005,2007) and Salis et al. (2015). Wind directions for wildfire
simulations were NW and W, which characterised ~65% of
days with wildfire occurrence, and S and SW directions, which
are associated with the largest wildfires in Sardinia. We also
used a fixed value of wind speed, 35 km h™!, which corresponds
to the 97™ percentile of historic conditions. Finally, we gener-
ated a smoothed fire ignition probability grid for the study area,
using the 1980-2010 fire occurrence database. The ignition
probability grid, which was held constant for all wildfire
simulations, was created considering all observed fire ignitions,
and using the inverse distance weighting algorithm (4rcGIS
10.1 software) with a search distance of 1 km.

Wildfire simulation modelling

To simulate wildfire spread and behaviour in the study area, we
used the minimum travel time (MTT) spread algorithm of
Finney (2002) as implemented in Randig. The MTT uses Huy-
gens’ principle to simulate fire growth (Richards 1990; Finney
2002) considering both behaviour and growth modelled by
vector or wave front (Finney 2002; Ager et al. 2010) and surface
fire spread is predicted by the equation of Rothermel (1972).
Crown fire initiation and spread are modelled respectively
according to Van Wagner (1977), as implemented by Scott and
Reinhardt (2001), and Rothermel (1991). The MTT algorithm is
widely used in Mediterranean areas to assess wildfire exposure
and risk and to target fuel treatments (Salis et al. 2013, 2016,
2018; Mitsopoulos et al. 2015; Alcasena et al. 2017,2018,2019;
Kalabokidis et al. 2016; Oliveira et al. 2016; Palaiologou et al.
2018; Parisien et al. 2018). We simulated 25 000 wildfires for
each fuel treatment scenario, including the untreated condition,
using a reference resolution of 25 m, consistent with the input
data. The ignition points were selected within the ignition
probability grid developed from the historical database and
burnable fuels of the study area. We considered constant fuel
moisture and wind speed and a fixed burning period of 10 h
for each wildfire simulated. Wind directions were NW, W,
SW and S. The wildfire simulations generated a burn probability
(BP) and a frequency distribution of flame lengths (FL) in 0.5-m
classes for each pixel. BP measures the likelihood that a pixel
will burn given an ignition in the study area. The distribution of
FL values for each pixel was used to calculate the conditional

flame length (CFL), which defines the probability weighted
flame length if a fire occurs (Scott 2006).

Input data for erosion modelling

We obtained data on climate, soil characteristics, topography,
land cover and potential soil burn severity in the study area, as
needed for ERMIT simulations (Robichaud ez al. 20074). Climate
parameter files for the study area were obtained with the ERMiT
Rock:Clime tool (Elliot ef al. 1999), using the integrated Rock:
Clime web interface (https:/forest.moscowfsl.wsu.edu/cgi-bin/
fswepp/ermit/erm.pl, accessed 30 July 2019). This tool allows
creating custom climate parameter files for a given area by pro-
viding monthly precipitation amount, monthly maximum and
minimum temperatures, and monthly number of wet days in an
existing climate parameter file. The tool generates a stochastic
climate of the study area for 100 years, which accounts for year-
to-year variability of storms and rain event patterns. ERMiT uses
these data to generate a WEPP formatted stochastic daily weather
data file, which includes: (1) daily precipitation amount, duration,
time-to-peak and peak intensity; (2) minimum, maximum and
dewpoint temperatures; (3) solar radiation; (4) wind velocity and
direction. To estimate these values, we used the climate data of
the Tempio Pausania weather station, as reported in Arrigoni
(1968). The observed and stochastic weather data generated by
ERMIT Rock:Clime are summarised in Table 1.

The rock content percentage and texture soil layers for the
study area were derived from the Soil Map of Sardinia (Aru et al.
1990) and used to build the soil input files for WEPP.

To delineate watersheds and create the polygon terrain files
(slope length, steepness and width) needed to run ERMiT, we
clipped the 10-m digital elevation model (DEM) of Sardinia
(http://www.sardegnageoportale.it/) to the study area and we
then applied the Hillslope Delineation Toolbox (https://forest.
moscowfsl.wsu.edu/fswepp/batch/HillslopeDelineationTool-
box.html, accessed 30 July 2019). The hillslope horizontal length
is composed of the three slope sections (top, middle and toe) and
represents the length of the hillslope being modelled. These
gradients are different percentages of the hillslope: top is the
upper 10% by length, middle — the main portion — 80% by length,
and toe is the steepness of the lowest 10%.

Land-cover data were obtained from the 2008 Sardinia
land use map (http://www.sardegnageoportale.it/), and we then
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Climate data from the weather station of Tempio Pausania, as reported in Arrigoni (1968)

Tmax» average maximum temperature (°C); 7pin, average minimum temperature (°C); PP, total precipitation (mm). The average
values of the stochastic climate variables provided by the ERMIT Rock:Clime tool are reported in parentheses

Month Timax Tmin PP Rainy days (#)
Jan 8.5(8.5) 3.6 (2.7) 99.1 (102.7) 9.53 (9.80)
Feb 9.1(9.1) 3.6 (3.0) 101.1 (110.7) 9.73 (11.13)
Mar 12.2 (12.2) 5.5(5.2) 86.1 (80.7) 8.30 (8.53)
Apr 15.3 (15.3) 7.6 (7.4) 80.0 (87.1) 7.70 (8.07)
May 19.5 (19.6) 10.8 (10.5) 57.9 (61.2) 5.60 (5.97)
Jun 24.2 (24.2) 143 (14.2) 20.1 (16.9) 1.93 (1.47)
Jul 27.6 (27.5) 17.4 (17.4) 7.1 (8.1) 0.67 (0.73)
Aug 27.2(27.2) 17.9 (17.8) 19.1 (24.3) 1.83 (1.70)
Sep 24.1 (24.1) 15.5(15.4) 61.0 (61.5) 5.87(5.93)
Oct 18.4 (18.5) 11.6 (11.1) 98.0 (112.3) 9.44 (10.73)
Nov 13.3(13.2) 8.0 (6.9) 115.1 (109.0) 11.07 (10.63)
Dec 9.9 (9.9 5.1(4.1) 118.1 (117.0) 11.36 (10.93)
17.4 (17.4) 10.1 (9.6) 862.7 (891.6) 83.03 (85.62)

E

reclassified the land-cover data layer into ERMIT cover types
(e.g. forest, chaparral, range). For this purpose, we created the
following classes: (1) forests, in the areas classified as broadleaf,
conifer and mixed forests (36% of the study area), which have a
high canopy cover; (2) Mediterranean shrublands, in the areas
classified as ‘dense vegetation formation with the presence of
shrub species as well as by small evergreen trees’ (33% of the
study area), and which have characteristics quite similar to
California chaparral (Alexander 1999); (3) grasslands, in the
areas covered by herbaceous pastures, Quercus suber L. dehesas
(canopy cover between 5 and 25%), and other zones with
herbaceous vegetation. Grasslands, particularly those located
in the most complex and steep areas, are frequently grazed
owing to the high presence of sheep and goats.

For modelling post-wildfire conditions, the CFL outputs
before and after fuel treatment strategies were used to associate
with each pixel a value of potential soil burn severity, whichisa
description of the impact of a fire on soil and litter (Robichaud
et al. 2007a). Flame length as an indicator of burn severity has
previously been used in other work (Elliot 2013; Elliot et al.
2016; Srivastava et al. 2018). CFL data allowed discrimination
between areas characterised by different levels of potential soil
burn severity should a wildfire occur. For this purpose, as
proposed by Andrews and Rothermel (1982), we identified four
classes of fire intensity, from unburned to high, which were
used as reference for discriminating four soil burn severity
classes (Fig. 3): CFL <0.01 m (unburned); 0.01 =1.2 m (low
burn severity); 1.21 <+ 2.4 m (moderate burn severity); =2.41 m
(high burn severity). We integrated CFL pixel values from
Randig for each hillslope with the severity class breaks previ-
ously defined.

Post-fire erosion modelling

Post-fire erosion was simulated using ERMiT (Robichaud et al.
2007a), which is a probability-based risk assessment tool for
quantifying post-fire disturbance erosion modelling and evalu-
ating rehabilitation treatment effectiveness. ERMIT provides
probabilistic estimates of single-storm post-fire hillslope
erosion by incorporating variability in rainfall characteristics,

topography, land cover, soil burn severity and soil character-
istics into each prediction (Robichaud et al. 2007a). ERMIT
uses WEPP technology as the runoff and erosion calculation
engine. WEPP is a process-based model that predicts runoff and
sediment yields and simulates both inter-rill and rill erosion
processes (Flanagan and Nearing 1995). It incorporates the
processes of evapotranspiration, water infiltration and runoff,
soil detachment, sediment transport and sediment deposition to
predict soil runoff and erosion at the hillslope scale (Flanagan
and Livingston 1995; Elliot et al. 2016). As previously reported,
ERMIT needs five main input data types: (a) climate parameters,
which are created through Rock:Clime (Elliot et al. 1999, 2004);
(b) vegetation types (forest, range, chaparral); (c) soil types and
rock content; (d) topography (slope length and gradient);
and (e) soil burn severity classes (unburned, low, moderate and
high). The general process by which ERMiT incorporates
parameter variability is to: (1) determine the range of possible
parameter values; (2) select representative values from the
range; and (3) assign an ‘occurrence probability’ to each
selected value such that the sum of assigned occurrence prob-
abilities adds up to 100% (Robichaud et al. 2007a, 2007b). All
simulations were performed using the ERMiT Batch interface
spreadsheet  (https://forest.moscowfsl.wsu.edu/fswepp/batch/
bERMIT.html, accessed 30 July 2019), and the input data for b-e
were prepared in a Geographic Information System (GIS)
environment. ERMiT sorts the results to determine the ex-
ceedance probability of a given sediment delivery, as described
in Robichaud et al. (2007a). The ERMiT Batch produced sed-
iment delivery files that were linked to spatial maps in order to
produce sediment delivery maps for each of the fuel treatment
strategies analysed.

Modelling fuel reduction effects on post-fire sediment
delivery

To analyse the benefits of fuel reduction treatments in the study
area, sediment delivery was modelled considering the following
conditions: (1) current fuel conditions in the absence of wildfire
disturbance; (2) current fuel conditions in the presence of wildfire
disturbance; (3) wildfire disturbance after different spatial
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Fig. 3. Conditional flame length, as obtained from fire spread simulations, for the study area considering
current fuel conditions (@), and WUI (wildland—urban interface) (b), ROAD (road protection) (¢) and RAND
(random location) (d) fuel treatment strategies applied for 15% of the study area. These maps were used to derive
the soil burn severity classes, as described in the methods.

strategies of fuel management and post-fire erosion reduction
treatments.

We then tested the effects of different factors in the post-
fire sediment delivery for the whole study area. These factors
included: (i) sediment delivery exceedance probabilities (from 1
to 95%); (i) two different post-fire conditions, untreated and a
seeding treatment strategy, which is a common post-fire treat-
ment in the Mediterranean Basin; (iii) the number of years (from
1 to 5) after the wildfire events; (iv) the three land cover types
(range, chaparral and forest); (v) the three slope steepness classes
(below 10°, from 10° to 20°, above 20°); (vi) the four soil burn
severity categories (unburned, low, moderate and high).

Results and discussion
Post-fire erosion for current vegetation conditions

The sediment delivery, both in terms of average (weighted by
the area of each burned hillslope) and maximum (maximum of
all of the burned hillslopes) sediment delivery, and the total area
with potential erosion issues in the study areas decreased with
increasing exceedance probability (Table 2). For instance,
considering current fuel conditions and the absence of wildfire
disturbance in the study area, the difference between 50 and 20%
exceedance probability resulted in an increase of ~100% in

average sediment yields, and of ~750% in maximum sediment
delivery.

Considering current fuel conditions in the absence of
wildfire disturbance and 50% exceedance probability, the
simulated average sediment delivery in the study area was
~0.01 Mg ha~!, and varied from 0 to a maximum of
~0.2 Mg ha~" across all hillslopes (Table 2). In these condi-
tions, the total area contributing to sediment delivery was
~11900 ha out of 68 000 ha. Previous studies on soil erosion
carried out in Sardinia also found relatively low values of
sediment delivery in the absence of wildfire disturbances. For
example, Acutis et al. (1996) measured mean erosion rates
close to 0.02 Mg ha' year ' in north-western Sardinia,
whereas Rivoira er al. (1989) reported mean soil losses of
~0.03Mgha ' year ' in northern Sardinia. The steep and long
sloping terrain areas showed the highest erosion rates in the
absence of wildfire disturbance. The role played by terrain
slope on soil erosion was highlighted in a previous study
carried out in north-western Sardinia by Porqueddu et al.
(2001) where soil loss data for diverse crops growing in hilly
areas were evaluated during two experimental periods. They
observed mean soil losses of 2.6 and 0.9 Mg ha™' year™'. Canu
et al. (2015) measured post-fire sediment delivery in cork oak
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Table 2. Effects of the sediment delivery exceedance probability on average and maximum sediment delivery, and on the total area with sediment
delivery, considering current fuel conditions, in the absence of wildfire (no fire, NF) and 1 year after the wildfire disturbances (post-fire, PF)

Exceedence
probability

Average sediment
delivery (Mg ha™")

delivery (Mg ha™")

Total area with sediment
delivery (ha)

Max sediment

NF PF NF
1% 2.8 20.3 511
3% 1.6 15.2 343
5% 0.8 13.1 239
10% 0.2 9.8 9.7
20% 0.0 6.4 1.5
30% 0.0 4.3 0.9
40% 0.0 2.5 0.7
50% 0.0 1.7 0.2
60% 0.0 0.9 0.1
70% 0.0 0.6 0.0
80% 0.0 0.3 0.0
90% 0.0 0.1 0.0
95% 0.0 0.0 0.0

PF NF PF
151.1 41327 50301
115.2 37980 41194
98.0 37595 37843
75.8 34624 36188
57.0 27842 35633
46.0 22726 35275
383 13864 34508
32.1 11904 33463
29.8 10589 31930
252 9522 29572
16.7 9511 26149
9.8 4765 19102
6.0 1286 4858

areas of NW Sardinia in the range 0.05-0.9 Mg ha™', with
average values below 0.1 Mg ha™' 3 years after a fire. Overall,
the values obtained in our study for unburned conditions are
similar to those reported by Cerdan et al. (2010) who reported
mean soil erosion in Mediterranean Europe amounting to
~1.2 Mg ha ' year ! for the whole CORINE land cover area
(https://land.copernicus.eu/pan-european/corine-land-cover,
accessed 30 July 2019).

Fire occurrence has significant effects on the increase of
sediment delivery compared with unburned conditions
(Table 2), even after moderate fires (Gimeno-Garcia et al.
2000; Keeley 2009; Stoof et al. 2015; Vieira et al. 2015). We
found that in post-wildfire simulations with current fuel condi-
tions, 80% of sediment delivery was generated by only 18% of
the hillslope of the study area at an exceedance probability of
80% (Fig. 4). At lower exceedance probabilities (50 and 20%),
hillslope area that contributed ~80% of the sediment yields
covered 23 and 25% of the area. High post-fire soil erosion rates
are frequently related to extreme weather, and particularly to
intense rainfall events (De Luis ez al. 2003; Mayor et al. 2007;
Badia and Marti 2008). In fact, infrequent but intense rainstorms
can cause high runoff and soil losses within short periods, as
observed in several studies (Moody and Martin 2001; Cannon
et al. 2011; Hosseini et al. 2016).

The application of ERMIT allowed examining how the
distribution of runoff rates affected sediment yield exceedance
probabilities in the post-fire conditions. In our study area, the
average estimated sediment delivery was strongly influenced by
the exceedance probability in terms of both spatial variation and
absolute sediment delivery (Fig. 5). The highest values of sedi-
ment delivery were observed in the steepest areas with the lowest
exceedance probabilities. For instance, at 20% exceedance prob-
ability, only ~10% of the landscape exhibited sediment yields
greater than 24 Mg ha™ ' in the first year after wildfire (Fig. 5).
The increase in exceedance probability resulted in a reduction of
areas that had sediment yields. The fact that low rainfall rates after
the fire pose only limited problems of soil erosion was also found
in previous studies (Moody ef al. 2013; Haas ef al. 2017).
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Fig. 4. Cumulative area and simulated average annual sediment yield,
considering the first year after the fire and current vegetation and three
sediment delivery exceedance probabilities (20, 50 and 80%).

The fire effects were particularly significant in the first years
after fire (Fig. 6). The fact that the highest impacts in terms of
post-fire erosion are generally observed in the first year after fire
has been confirmed by others (Shakesby 2011; Hosseini et al.
2016). In our study, for instance, focusing on the 50% exceedance
probability, the average sediment delivery in the study area
ranged from 1.67 Mg ha~' the first year after fire to
0.04 Mgha " the fifth year after the event. Specific areas located
on the steepest slopes showed peaks above 25 Mg ha ™', with 50%
exceedance probability. When taking into consideration 20 and
80% exceedance probability, the average sediment delivery was
6.4 and 0.3 Mg ha ™' respectively the first year after fire, and
0.6 and 0.01 Mg ha™"' the fifth year after fire. These values are
similar with those reported in previous work that focused on the
Mediterranean basin. For instance, Shakesby (2011) reported
mean post-wildfire erosion rates (measured on field plots) 1 year
after fire equal to 0.4 Mg ha™' for low-severity, 3.3 Mg ha™" for
moderate-severity and 10.8 Mg ha~' for high-severity fires.
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Sediment delivery at the landscape scale, considering the first year after the fire with current fuel conditions

and an exceedance probability of 20% (left), 50% (middle), and 80% (right).

Pausas et al. (2008) indicated that post-fire erosion rates mea-
sured in the Mediterrancan Basin are rarely higher than
10 Mg ha™" and are often lower than 1 Mg ha™" in the first year
after fire. Other studies have reported relatively low erosion rates
in Mediterranean Basin environments (Imeson et al. 1992; Kutiel
and Inbar 1993; Lavee et al. 1995; Rubio et al. 1997). The
relatively low post-wildfire erosion rates in Mediterranean areas
compared with other European areas was confirmed by Cerdan
et al. (2010): they attributed this difference to the stoniness and
thinness of Mediterranean soils (Shakesby 2011). However,
sediment delivery rates above 10 Mg ha ' the first year after
the fire were reported by Soto and Diaz-Fierros (1998) in Galicia
(Spain), Ubeda and Sala (1996) and Marqués and Mora (1992) in
Catalonia (Spain), Lavabre and Martin (1997) in southern France,
and Dimitrakopoulos and Seilopoulos (2002) in Greece. Field
measurements of annual erosion rates following wildfires in other
areas reported higher sediment delivery than in the Mediterranean
Basin, particularly in the US (Robichaud ez al. 2013; Elliot et al.
2016). For instance, post-fire erosion rates from the Cannon Fire
in California (USA) ranged from 2.5 to 15 Mg ha™' (Robichaud
et al. 2008), whereas erosion rates measured following wildfires
in the Sierra Nevada mountains were 46 Mg ha' in the Cedar
Fire (Robichaud ef al. 2013).

The effects of fire on estimated sediment delivery became
less significant 4 years after fire (Fig. 6); the fifth year after the
fire, as programmed in ERMiT, there were no differences
between burned and unburned sediment yields. In effect, the
regeneration of the burned vegetation, which progressively
tends to return to values typical of pre-burning conditions,
typically occurs within 5 years after fire disturbances
(Fox et al. 2006; Robichaud et al. 2007a; Malkinson et al.
2011; Shakesby 2011). Nonetheless, others have noted that
the erosion responses of burned areas last for less than 7 years,
and depend not only on vegetation recovery, but also on
post-fire weather, sediment availability, morphology and
burn severity (Moody and Martin 2001; Gartner et al. 2004;
Shakesby et al. 2007; Sheridan et al. 2007; MacDonald
and Larsen 2009; Cannon et al. 2010; Moody et al. 2013;
Vieira et al. 2015).

The role played by soil burn severity (SBS) classes in
determining post-fire erosion at the landscape scale in the first
2 years after wildfire was characterised by highest sediment
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L
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Fig. 6. Exceedance probability v. average sediment delivery at the land-
scape scale, for different years after the fire, considering current fuel
conditions.

yields corresponding to high soil burn severity (Fig. 7a). Sedi-
ment yields were on average 3.1 Mg ha™' in the first year after
fire, and 1.3 Mg ha™! in the second year after fire using the
50% sediment delivery exceeding probability. In the hillslopes
with lower SBS values, the values were on average 1.5 and
0.4 Mg ha™' for moderate SBS, and 0.08 and 0.04 Mg ha™! for
low SBS respectively. Therefore, the magnitude of sediment
delivery from high-severity burn hillslopes was ~2 times
greater than from moderate-severity-burn and 38 times greater
than from low-severity-burn hillslopes. Previous work from
Galicia, Spain, reported sediment delivery rates 1 year after
the fire of 12.4 and 4.9 Mg ha' on high-severity and low-
severity plots respectively, whereas the erosion measured in the
control plot was ~2.0 Mg ha™' (Soto and Diaz-Fierros 1998).
Gimeno-Garcia ef al. (2000), using experimental fires in Medi-
terranean shrublands, observed that 1-year erosion rates were
low (<0.1 Mgha ™' year ") under unburned conditions, whereas
soil losses became significant after a fire, and increased with fire
severity (2.3 and 2.9 Mg ha! year ' in moderate- and high-
severity fires). Vega et al. (2005) analysed the first-year erosion
effect of two different prescribed burning treatments in shrub-
lands of Galicia, Spain; the most intense burning caused greater
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Fig. 7. (a) Exceedance probability v. average sediment delivery at the

landscape scale, for the first 2 years after the fire and the three soil burn
severity (SBS) classes considering the current fuel conditions; (b) exceed-
ance probability v. average sediment delivery at the landscape scale, for the
first 2 years after the fire and three terrain slope classes (low, <10°%
moderate, 10-20°, steep, >20°) considering the current fuel conditions.

soil erosion compared with unburned areas (0.56 Mg v.
0.096 Mg ha ™' year ).

As expected, the post-fire erosion process was also affected
by terrain slope; sediment delivery rates increased as the
steepness of the terrain increased. This was observed for the
different years after fire and exceedance probabilities (Fig. 7b).
Focusing on 50% exceedance probability, the average sediment
delivery rate for the first year after fire decreased from
4.0 Mgha " for steep slopes to 2.2 Mg ha~ " for moderate slopes
to 0.6 Mg ha~' for low slopes. The strong role played by slope
steepness in sediment delivery rates has also been highlighted in
previous work (Pelletier and Orem 2014; DeLong et al. 2018). In
addition, Marqués and Mora (1992), Cerda et al. (1995) and
Pausas et al. (1999) reported that even the terrain aspect can
affect post-fire sediment delivery, owing to quicker vegetation
recovery and the higher presence of organic matter on north-
facing slopes than on south-facing ones.

We observed the highest sediment delivery always occurred
in areas covered by Mediterranean shrublands with an average
sediment delivery of 2.5 Mg ha™' in the first year, and of
0.05 Mg ha™ ! in the fifth year after the fire for an exceedance
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Fig. 8. Average sediment delivery for Mediterranean shrublands, forests
and grasslands, at the landscape scale, considering the first 5 years after the
fire with current fuel conditions and a 50% exceedance probability.

probability of 50% (Fig. 8). This can be partially explained by
the fact that shrubs mostly cover steep terrain areas and are very
limited in flat areas and plains. In contrast, grasslands presented
the lowest average sediment delivery rates at the landscape
scale: post-fire erosion ranged from an average of 0.5 Mg ha '
immediately after fire to 0.04 Mg ha™' during the fifth year after
fire with 50% exceedance probability (Fig. 8). Forest vegetation
types showed sediment delivery values not far from those of
chaparral the first year after fire, then post-fire erosion was more
limited, particularly after the third year after fire: in fact, the
average sediment delivery for forests was 0.04 Mg ha™', the
lowest among fuel types, reaching 0.02 Mg ha™' the fifth year
after fire. Our results are similar to data obtained by Vacca et al.
(2000) in some burned sites located in southern Sardinia; the
mean annual soil loss on burned herbaceous pastures was
0.06 Mg ha™!, whereas soil losses on slopes covered with shrubs
and eucalyptus were higher, 0.11 and 0.23 Mg ha™' respec-
tively. However, the high post-fire sediment delivery rates of
shrublands and forests, particularly in mountains and hilly areas,
were counterbalanced by the reduction in stream flow, soil
erosion and transport due to the replacement of historical highly
erosive cereal fields with dense shrubs and forests in the absence
of fires (Begueria et al. 2003, 2006; Symeonakis et al. 2007,
Garcia-Ruiz 2010).

Finally, we tested the effects of seeding post-fire treatments
on sediment yields for the study area. During the first year after
the fire, ERMIT is programmed to indicate no benefit from
seeding (Robichaud et al. 2007a). The assumption of no sedi-
ment yield reduction in the first year is reasonable for Sardinian
conditions as well; the few measured data on burned plots in
Sardinia highlighted relatively low differences between burned
pastures and seeded areas, and reported the lowest sediment
delivery in the burned plots (Rivoira et al. 1989; Porqueddu and
Roggero 1994; Vacca et al. 2000). We found that post-fire
seeding reduced erosion, particularly in the second year after
fire, where we observed a maximum difference between seeding
and untreated scenarios close to 22 Mg ha™" with an exceedance
probability of 20%. By the third year post-fire, the differences
between seeding and no treatments reduced progressively.
Variation in sediment delivery induced by post-fire treatments
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Fig. 9. Maps of the difference in sediment yields for the study area considering post-fire seeding treatments v. no treatments,
focusing on the second and third years after the fire and exceedance probabilities of 20, 50 and 80%.

was higher when the probability exceedance was lower (Fig. 9).
Previous research agrees that establishment of vegetative cover
reduces erosion within the first year after fire (Robichaud ef al.
2000; Beschta et al. 2004; Beyers 2004; Peppin et al. 2010; Rulli
et al. 2012). Often the largest sediment delivery occurs before
plant cover is established (Robichaud ez al. 2000). The sediment
yield was reduced by the third and subsequent years after fire
(Peppin et al. 2010). However, seeding proved to be very
effective in some cases and locations but not in others, often
related to rainfall timing and amounts (Prats et al. 2014).

Post-fire erosion for the different fuel management and
erosion treatment scenarios

The three simulated fuel treatments strategies, which were
applied to a limited portion (15%) of the study area, had the main
goal of reducing burn probability and fire severity. We observed
positive effects on post-fire sediment delivery at both landscape
scale and in the treated areas. At a 50% exceedance probability
during the first post-fire year, the average sediment delivery
at the landscape scale dropped from 1.7 Mg ha™' of the current
fuel conditions to 1.6 Mg ha™' for the WUI strategy and to
1.5 Mg ha™! for the ROAD treatment strategy, which was the
most effective in reducing post-fire sediment yields (Fig. 10).
Conversely, the RAND strategy was less effective than the other
two in reducing average sediment delivery at the landscape scale
the first year after fire (—0.07 Mg ha™' with respect to current
fuel conditions). The second year after fire, the average sedi-
ment delivery at the landscape scale was much lower than the
previous year, and the differences between fuel treatment
strategies and current vegetation were smaller; the best perfor-
mance against post-fire erosion was obtained with the ROAD
strategy (0.5 v. 0.6 Mg ha~' of the current fuel conditions, 50%
exceedance probability). The third year after fire, and in the
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Fig. 10. Average sediment delivery at the landscape scale after the fire,
from the first to the fifth year after the events, considering three different
spatial fuel treatment strategies (WUI (wildland—urban interface), RAND
(random location), and ROAD (road protection)) applied for 15% of the
study area and current fuel conditions (NO-TREAT). The results refer to
50% sediment delivery exceedance probability.

following years, the differences among fuel treatment strategies
and current fuel conditions were limited.

The limited reduction in estimated erosion from fuel treat-
ments at the landscape scale can be related to the low percentage
of area treated (15% of the landscape). However, as presented in
Fig. 11, the local effect of fuel treatments on simulated sediment
delivery is substantial and supports the need to optimise the
locations of fuel treatments to maximise their effect on burn
severity mitigation and post-fire soil erosion reduction at the
landscape scale. Reducing fire severity with fuel treatments
can also lower threats to several ecosystem services including
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the availability of clean water, recreation opportunities, timber
production, and protecting habitats (Ager et al. 2007; Elliot et al.
2016). Small differences in post-fire soil erosion induced by fuel
treatments were also reported by previous studies, most of which
were carried out in the USA (Robichaud et al. 2010). Moreover,
fuel treatments can reduce wildfire severity and resulting sedi-
ment after a wildfire, but also increase sediment when the
treatment is implemented (Shakesby 1993; Harrison er al
2016). Indeed, the presence of woody fuels, litter, or a continuous
cover of surface fuels limits erosion by protecting the soil,
reducing sediment yields, and increasing infiltration rates
(Robichaud 2000). However, continuous and dense surface fuels
also increase potential wildfire spread and intensity, when wild-
fire ultimately occurs (Silins et al. 2009; Harrison et al. 2016).
The spatial impact of fuel treatment strategies in reducing
post-fire sediment yields with respect to NO-TREAT conditions
(considering 50% exceedance probability) showed that the
presence of fuel treatments was able to lower wildfire intensity
for several years, and that this effect decreased from the first to
the fifth year after the fire (Fig. 11). The location of fuel
treatments and its effect on post-fire erosion by reducing fire
severity were also highlighted by Elliot et al. (2016) and
Srivastava et al. (2018) using a fire spread modelling approach.
After the first year following wildfire, the simulations con-
firmed the considerable effect of sediment delivery exceedance
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probability on average post-fire sediment yields at the landscape
scale, and that overall, the ROAD fuel treatment strategy was the
most effective among those tested for the various exceedance
probabilities (Fig. 12). For instance, moving from 20 to 80%
exceedance probability resulted in a decrease of the average
sediment yield from 6.0 to 0.3 Mg ha™' for the ROAD fuel
treatment strategy. The increase in exceedance probability
emphasised the differences among fuel treatment strategies and
current fuel conditions in terms of post-fire sediment yields. For
instance, the difference in average sediment delivery between the
ROAD fuel treatment strategy and NO-TREAT was 0.3 Mgha !
(6.0 v. 6.3 Mg ha™ ") when considering 20% exceedance proba-
bility, whereas it decreased to 0.03 Mgha ™' (0.25v.0.28 Mgha ™)
with 80% exceedance probability (Fig. 12).

Overall, and mostly in the first years after fire, the reduction
in sediment yields resulting from fuel treatments was quite
notable, particularly for WUI and ROAD treatment strategies
(Table 3). In fact, the first year after the wildfire events, the
average sediment delivery in WUI areas dropped from 1.6 to
1.1 Mgha ', and even in ROAD areas from 2.1to 1.3 Mg ha ™.
The differences in sediment delivery between fuel treatment
strategies and no-treatment condition were no longer significant
5 years after fire. However, the variation in sediment yields as
affected by post-fire seeding was evident for the second, third
and fourth year after fire (Table 3). Looking at the second year
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Fig. 11. Differences in sediment delivery between WUI (wildland—urban interface) (left), ROAD (road
protection) (middle), and RAND (random location) (right) fuel treatment strategies and current fuel conditions
(NO-TREAT) considering the first 4 years after the fire and a reference exceedance probability of 50%.
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post fire, sediment delivery was more than halved after the
application of seeding with respect to untreated conditions, and
this was observed for all fuel management strategies.

Conclusions

The quantification of post-fire sediment delivery rates and the
uncertainties when predicting future wildfire effects or fuel
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Fig. 12. Average sediment delivery at the landscape scale focusing on the
first year after the fires with three sediment delivery exceedance probabili-
ties (20, 50 and 80%) and three different spatial fuel treatment strategies
(WUI (wildland—urban interface), RAND (random location), and ROAD
(road protection)) applied for 15% of the study area plus current fuel
conditions (NO-TREAT).
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treatment scenarios pose serious challenges. In this work, we
have demonstrated how fire spread and behaviour models can be
used to identify areas with various levels of fire intensity, and
therefore with different erosion potential, and can inform the
evaluation of the effects of fuel management strategies on post-
fire sediment yields and preserving ecosystem services. The
post-fire erosion analysis was based on stochastic simulations
and allowed proactive estimation and mapping of a range of
possible pre- and post-fire soil sediment delivery events. Given
the large variability in fire location, size and intensity and the
complex interactions between landscape and wildfires, the
proposed approach allows for spatial information on those areas
characterised by high severity and burn probability that would
have the largest impact on soil erosion after a fire event. Fur-
thermore, the stochastic approach proposed offers a range of fire
and soil erosion hazard metrics that are intuitive, easy to use and
allow users to compare multiple wildfire and sediment delivery
scenarios across large study areas. Findings from this study have
significant implications for risk-based strategic management of
fuels and land in the Mediterranean Basin as well as helping
target more efficient fuel reduction treatments in those water-
sheds more exposed to severe wildfire events and erosion pro-
cesses. Additionally, considering the limitations in budgets,
time and specialised teams, identification of the watersheds that
have the highest combined hazard can guide the prioritisation of
areas where mitigation efforts can reduce the probability of post-
fire erosion and sediment delivery. Using this information,
policymakers, forest managers and local communities can
more efficiently face the threats posed by fires and subsequent

Table 3. Average sediment yields in the areas treated with the three fuel management strategies (WUI (wildland—urban interface), ROAD

((road protection) and RAND (random location)) and considering current fuel conditions (NT, No Treatments) in the respective treated areas

A 50% sediment delivery exceedance probability was set. Sediment yields vary depending on the year after fire and on the post-fire erosion strategy
(untreated v. seeding (SEED)).

Post-fire Fuel treatment Sediment yields Sediment yields, Sediment yields, Sediment yields,
timeframe strategy (Mgha ") NT (Mgha ") SEED (Mgha ") NT-SEED (Mgha ")
Post-fire erosion strategy: untreated Post-fire erosion strategy: seeding

Ist year

WUI 1.1 1.6 1.1 1.6

ROAD 1.3 2.1 1.3 2.1

RAND 1.0 1.3 1.0 1.3
2nd year

WUI 0.4 0.5 0.2 0.3

ROAD 0.4 0.7 0.2 0.4

RAND 0.3 0.5 0.2 0.2
3rd year

WUI 0.1 0.1 0.1 0.1

ROAD 0.1 0.2 0.1 0.1

RAND 0.1 0.2 0.1 0.1
4th year

WUI 0.1 0.1 0.03 0.1

ROAD 0.1 0.1 0.04 0.1

RAND 0.1 0.1 0.04 0.1
S5th year

WUI 0.03 0.03 0.03 0.03

ROAD 0.04 0.04 0.04 0.04

RAND 0.04 0.04 0.03 0.03
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post-fire sediment delivery yields. This is particularly important
with future climate change and the predicted increase in the
occurrence of extreme weather events. Future work will focus
on the evaluation of the economic trade-offs between fire
severity reduction, erosion control and how these fuel treatment
costs, in terms of erosion reduction, relate to the benefits of
reduced future erosion.

Conflicts of interest

The authors declare no conflicts of interest.

Acknowledgements

This work was funded by project Proterina-Due, supported by the European
Union under the Operational Program Italia/France Maritime 2007-2013
(grant no. G25108000120007), by project S2IGI, supported by the Sardinia
Region under the 20142020 Sardinia Regional Operative Programme of the
European Regional Development Fund, Asse I Ricerca Scientifica, Sviluppo
Tecnologico e Innovazione — Azione 1.2.2 (grant no. G28118000010006), and
by project MED-Star, supported by the European Union under the Operational
Program Italia/France Maritime 2014-2020 (grant no. ES§H19000120007).

References

Acutis M, Argenti G, Bersani L, Bullitta P, Caredda S, Cavallero A,
Giordani C, Grignani C, Pardini A, Porqueddu C, Reyneri A, Roggero
PP, Sulas L, Talamucci P, Zanchi C (1996) Effetti di tipologie di suolo e
colture foraggere sulle perdite per ruscellamento di azoto, fosforo e
potassio in differenti areali italiani. Rivista di Agronomia 30, 329-338.

Ager AA, Finney MA, Kerns BK, Maffei H (2007) Modeling wildfire risk
to northern spotted owl (Strix occidentalis caurina) habitat in central
Oregon, USA. Forest Ecology and Management 246, 45-56. doi:10.
1016/J.FORECO0.2007.03.070

Ager AA, Vaillant NM, Finney MA (2010) A comparison of landscape fuel
treatment strategies to mitigate wildland fire risk in the urban interface
and preserve old forest structure. Forest Ecology and Management 259,
1556-1570. doi:10.1016/J.FOREC0.2010.01.032

Ager AA, Vaillant NM, McMahan A (2013) Restoration of fire in managed
forests: a model to prioritize landscapes and analyze trade-offs. Eco-
sphere 4, 1-19. doi:10.1890/ES13-00007.1

Ager AA, Day MD, McHugh CW, Short K, Gilbertson-Day J, Finney MA,
Calkin DE (2014) Wildfire exposure and fuel management on western
US national forests. Journal of Environmental Management 145, 54-70.
doi:10.1016/J.JENVMAN.2014.05.035

Alcasena F, Salis M, Ager AA, Castell R, Vega-Garcia C (2017) Assessing
wildland fire risk transmission to communities in northern Spain.
Forests 8, 30. doi:10.3390/F8020030

Alcasena FJ, Ager AA, Salis M, Day MA, Vega-Garcia C (2018)
Optimizing prescribed fire allocation for managing fire risk in central
Catalonia. The Science of the Total Environment 621, 872—885. doi:10.
1016/J.SCITOTENV.2017.11.297

Alcasena F, Ager AA, Bailey JD, Pineda N, Vega-Garcia C (2019)
Towards a comprehensive wildfire management strategy for Mediterra-
nean areas: framework development and implementation in Catalonia,
Spain. Journal of Environmental Management 1,303-320. doi:10.1016/
JJENVMAN.2018.10.027

Alexander DE (1999) Chaparral (maquis). Environmental Geology. doi:10.
1007/1-4020-4494-1_53

Anderson HE (1982) Aids to determining fuel models for estimating fire
behaviour. USDA Forest Service, Intermountain Forest and Range
Experiment Station, General Technical Report INT-GTR-122. (Ogden,
UT, USA)

Andrews PL, Rothermel RC (1982) Charts for interpreting wildland fire
behavior characteristics. USDA Forest Service, Intermountain Forest

Int. J. Wildland Fire M

and Range Experiment Station, General Technical Report INT-131.
(Ogden, UT, USA)

Arca B, Bacciu V, Pellizzaro G, Salis M, Ventura A, Duce P, Spano D,
Brundu G (2009) Fuel model mapping by IKONOS imagery to support
spatially explicit fire simulators. In ‘7th international workshop on
advances in remote sensing and GIS applications in forest fire manage-
ment towards an operational use of remote sensing in forest fire
management’, 2-5 September 2009, Matera, Italy (Il Segno — Arti
Grafiche: Potenza, Italy).

Arrigoni PV (1968) Fitoclimatologia della Sardegna. Webbia 23, 1-100.
doi:10.1080/00837792.1968.10669879

Aru A, Baldaccini P, Delogu G, Dessena MA, Madrau S, Melis RT, Vacca A,
Vacca S (1990) Carta dei suoli della Sardegna, in scala 1:250000.
Dipartimento Scienze della Terra Universita di Cagliari, Assessorato
Regionale alla Programmazione Bilancio ed Assetto del Territorio.
(SELCA: Firenze, Italy).

Badia D, Marti C (2008) Fire and rainfall energy effects on soil erosion and
runoff generation in semi-arid forested lands. Arid Land Research and
Management 22, 93—108. doi:10.1080/15324980801957721

Begueria S, Lopez-Moreno JI, Lorente A, Seeger M, Garcia-Ruiz JM
(2003) Assessing the effects of climate oscillations and land-use changes
on streamflow in the Central Spanish Pyrenees. Ambio 32, 283-286.
doi:10.1579/0044-7447-32.4.283

Begueria S, Lopez-Moreno JI, Gomez-Villar A, Rubio V, Lana-Renault N,
Garcia-Ruiz JM (2006) Fluvial adjustments to soil erosion and plant
cover changes in the central Spanish Pyrenees. Physical Geography 88,
177-186.

Beschta RL, Rhodes JJ, Kauffman JB, Gresswell RE, Minshall GW,
Karr JR, Perry DA, Hauer FR, Frissell CA (2004) Postfire management
on forested public lands of the western United States. Conservation
Biology 18, 957-967. doi:10.1111/1.1523-1739.2004.00495.X

Beyers JL (2004) Post-fire seeding for erosion control: effectiveness
and impacts on native plant communities. Conservation Biology 18,
947-956. doi:10.1111/J.1523-1739.2004.00523.X

Brotons L, Aquilué N, De Caceres M, Fortin MJ, Fall A (2013) How fire
history, fire suppression practices and climate change affect wildfire
regimes in Mediterranean landscapes. PLoS One 8,¢62392. doi:10.1371/
JOURNAL.PONE.0062392

Buckley M, Beck N, Bowden P, Miller ME, Hill B, Luce C, Elliot W1J,
Enstice N, Podolak K, Winford E, Smith SL, Bokach M, Reichert M,
Edelson D, Gaither J (2014) Mokelumne watershed avoided cost analy-
sis: why Sierra fuel treatments make economic sense. Report prepared
for the Sierra Nevada Conservancy, The Nature Conservancy and
USDA Forest Service, Sierra Nevada Conservancy. Auburn, California.
Available at http://www.sierranevadaconservancy.ca.gov/mokelumne
[Verified 30 July 2019]

Cannon SH, Gartner JE, Rupert MG, Michael JA, Rea AH, Parrett C
(2010) Predicting the probability and volume of post-wildfire debris
flows in the intermountain western United States. Geological Society of
America Bulletin 122, 127-144. doi:10.1130/B26459.1

Cannon S, Boldt E, Laber J, Kean J, Staley D (2011) Rainfall intensity—
duration thresholds for post-fire debris-flow emergency-response
planning. Natural Hazards 59, 209-236. doi:10.1007/S11069-011-
9747-2

Canu A, Secci R, Motroni A, Ventura A, Uras G, Robichaud P (2015)
Performance of ERMIT in post-fire soil erosion modelling in a north
Sardinian study area. In ‘Book of abstracts of the second international
conference on fire behaviour and risk’, 26-29 May 2015, Alghero, Italy
(Eds D Spano, P Duce, M Vannini, A Navarra).

Capra GF, Tidu S, Lovreglio R, Certini G, Salis M, Bacciu V, Ganga A,
Filzmoser P (2018) The impact of wildland fires on calcareous Mediter-
ranean pedosystems (Sardinia, Italy) — an integrated multiple approach.
The Science of the Total Environment 624, 1152—1162. doi:10.1016/
J.SCITOTENV.2017.12.099


http://dx.doi.org/10.1016/J.FORECO.2007.03.070
http://dx.doi.org/10.1016/J.FORECO.2007.03.070
http://dx.doi.org/10.1016/J.FORECO.2010.01.032
http://dx.doi.org/10.1890/ES13-00007.1
http://dx.doi.org/10.1016/J.JENVMAN.2014.05.035
http://dx.doi.org/10.3390/F8020030
http://dx.doi.org/10.1016/J.SCITOTENV.2017.11.297
http://dx.doi.org/10.1016/J.SCITOTENV.2017.11.297
http://dx.doi.org/10.1016/J.JENVMAN.2018.10.027
http://dx.doi.org/10.1016/J.JENVMAN.2018.10.027
http://dx.doi.org/10.1007/1-4020-4494-1_53
http://dx.doi.org/10.1007/1-4020-4494-1_53
http://dx.doi.org/10.1080/00837792.1968.10669879
http://dx.doi.org/10.1080/15324980801957721
http://dx.doi.org/10.1579/0044-7447-32.4.283
http://dx.doi.org/10.1111/J.1523-1739.2004.00495.X
http://dx.doi.org/10.1111/J.1523-1739.2004.00523.X
http://dx.doi.org/10.1371/JOURNAL.PONE.0062392
http://dx.doi.org/10.1371/JOURNAL.PONE.0062392
http://www.sierranevadaconservancy.ca.gov/mokelumne
http://dx.doi.org/10.1130/B26459.1
http://dx.doi.org/10.1007/S11069-011-9747-2
http://dx.doi.org/10.1007/S11069-011-9747-2
http://dx.doi.org/10.1016/J.SCITOTENV.2017.12.099
http://dx.doi.org/10.1016/J.SCITOTENV.2017.12.099

N Int. J. Wildland Fire

Cerda A, Doerr SH (2007) Soil wettability, runoff and erodibility of major
dry-Mediterranean land use types on calcareous soils. Hydrological
Processes: An International Journal 21, 2325-2336. doi:10.1002/HYP.
6755

Cerda A, Imeson AC, Calvo A (1995) Fire and aspect induced differ-
ences in the erodibility and hydrology of soils at La Costera, Valencia,
south-east  Spain.  Catena 24, 289-304. doi:10.1016/0341-
8162(95)00031-2

Cerdan O, Govers G, Le Bissonnais Y, Van Oost K, Poesen J, Saby N,
Gobin A, Vacca A, Quinton J, Auerswald K, Klik A, Kwaad FJPM,
Raclot D, Ionita I, Rejman J, Rousseau S, Muxart T, Roxo MJ,
Dostal T (2010) Rates and spatial variations of soil erosion in Europe:
a study based on erosion plot data. Geomorphology 122, 167-177.
doi:10.1016/J.GEOMORPH.2010.06.011

Certini G (2005) Effects of fire on properties of forest soils: a review.
Oecologia 143, 1-10. doi:10.1007/S00442-004-1788-8

Chergui B, Fahd S, Santos X, Pausas JG (2018) Socioeconomic factors
drive fire-regime variability in the Mediterranean Basin. Ecosystems 21,
619-628. doi:10.1007/S10021-017-0172-6

Chessa PA, Delitala A (1997) Il clima della Sardegna. In ‘Collana note
tecniche di agrometeorologia per la Sardegna’, (Ed Milella A) pp. 17-38.
(Chiarella: Sassari, Italy).

Corona P, Ascoli D, Barbati A, Bovio G, Colangelo G, Elia M, Garfi V,
lovino F, Lafortezza R, Leone V, Lovreglio R, Marchetti M, Marchi E,
Menguzzato G, Nocentini S, Picchio R, Portoghesi L, Puletti N,
Sanesi G, Chianucci F (2015) Integrated forest management to prevent
wildfires under Mediterranean environments. Annals of Silvicultural
Research 38, 24-45.

De Luis M, Gonzalez-Hidalgo JC, Raventos J (2003) Effects of fire and
torrential rainfall on erosion in a Mediterranean gorse community. Land
Degradation & Development 14, 203-213. doi:10.1002/LDR.547

DeBano LF, Neary DG, Ffolliott PF (1998) ‘Fire effects on ecosystems.’
(John Wiley & Sons: New York, NY, USA)

DeLong SB, Youberg AM, DeLong WM, Murphy BP (2018) Post-
wildfire landscape change and erosional processes from repeat terrestrial
LIDAR in a steep headwater catchment, Chiricahua Mountains, Arizona,
USA. Geomorphology 300, 13-30. doi:10.1016/J.GEOMORPH.2017.
09.028

Dimitrakopoulos AP, Seilopoulos D (2002) Effects of rainfall and burning
intensity on early post-fire soil erosion in a Mediterranean forest of
Greece. In ‘Proceedings of the third international congress: man and soil
at the third millennium, Vol. II” 28 Mar-1 April 2000, Valencia, Spain
(Eds JL Rubio, RPC Morgan, S Asins, V Andreu) pp. 1351-1357.
(Geoforma Ediciones: Logrofio, Spain).

Elliot WJ (2004) WEPP internet interfaces for forest erosion prediction.
Journal of the American Water Resources Association 40, 299-309.
doi:10.1111/J.1752-1688.2004.TB01030.X

Elliot WJ (2013) Erosion processes and prediction with WEPP technology
in forests in the north-western US. Transactions of the ASABE 56,
563-579. doi:10.13031/2013.42680

Elliot WJ, Miller IS (2017) Watershed analysis using WEPP technology
for the Clear Creek Restoration Project. Presented at the ESRI User
Conference, 10—14 July, 2017, San Diego, CA.

Elliot WJ, Hall DE, Scheele DL (1999) Rock:Clime Rocky Mountain
Research Station stochastic weather generator technical documentation
(USDA Forest Service, Rocky Mountain Research Station: Moscow,
ID, USA). Available at http://forest. moscowfsl.wsu.edu/fswepp/docs/
rockclimdoc. Html [verified 30 July 2019].

Elliot WJ, Miller ME, Enstice N (2016) Targeting forest management
through fire and erosion modelling. International Journal of Wildland
Fire 25, 876-887. doi:10.1071/WF15007

Fernandes PM, Botelho HS (2003) A review of prescribed burning effec-
tiveness in fire hazard reduction. International Journal of Wildland Fire
12, 117-128. doi:10.1071/WF02042

M. Salis et al.

Finney MA (2002) Fire growth using minimum travel time methods.
Canadian Journal of Forest Research 32, 1420-1424. doi:10.1139/
X02-068

Finney MA (2006) An overview of FlamMap fire modeling capabilities.
In ‘Fuels management — How to measure success: conference pro-
ceedings’, 28-30 March 2006, Portland, OR. (Comp. eds PL Andrews,
BW Butler) USDA Forest Service, Proceedings RMRS-P-41,
pp. 213-220. (Fort Collins, CO, USA)

Flanagan DC, Livingston SJ (1995) WEPP user summary. NSERL Report
No. 11. USDA Agricultural Research Service, National Soil Erosion
Research Laboratory. (West Lafayette, IN, USA)

Flanagan DC, Nearing MA (1995) USDA —Water erosion prediction project:
hillslope profile and watershed model documentation. NSERL Report
No. 10. USDA Agricultural Research Service, National Soil Erosion
Research Laboratory. (West Lafayette, IN, USA)

Fonseca F, de Figueiredo T, Nogueira C, Queirdés A (2017) Effect of
prescribed fire on soil properties and soil erosion in a Mediterranean
mountain area. Geoderma 307, 172—-180. doi:10.1016/J. GEODERMA.
2017.06.018

Fox D, Berolo W, Carrega P, Darboux F (2006) Mapping erosion risk
and selecting sites for simple erosion control measures after a forest fire
in Mediterranean France. Earth Surface Processes and Landforms 31,
606-621. doi:10.1002/ESP.1346

Garcia-Ruiz JM (2010) The effects of land uses on soil erosion in Spain: a
review. Catena 81, 1-11. doi:10.1016/J.CATENA.2010.01.001

Gartner JE, Bigio ER, Cannon SH (2004) Compilation of post wildfire
runoff-event data from the western United States. USGS Open-File
Report 2004-1085 US Geological Survey. Available at http://pubs.usgs.
gov/0f/2004/1085 [Verified 30 July 2019]

Gimeno-Garcia E, Andreu V, Rubio JL (2000) Changes in organic matter,
nitrogen, phosphorus and cations in soil as a result of fire and water
erosion in a Mediterranean landscape. European Journal of Soil Science
51,201-210. doi:10.1046/J.1365-2389.2000.00310.X

Haas J, Thompson M, Tillery A, Scott JH (2017) Capturing spatiotemporal
variation in wildfires for improving post-wildfire debris-flow hazard
assessments. In ‘Natural hazard uncertainty assessment: modeling and
decision support. Geophysical monograph 223 (1st edn)’. (Eds K Riley,
P Webley, M Thompson) Ch. 20, p. 301-317. (American Geophysical
Union: Washington, DC, USA).

Harrison NM, Stubblefield AP, Varner JM, Knapp EE (2016) Finding
balance between fire hazard reduction and erosion control in the Lake
Tahoe Basin, California—Nevada. Forest Ecology and Management 360,
40-51. doi:10.1016/J.FORECO.2015.10.030

Hosseini M, Keizer JJ, Pelayo OG, Prats SA, Ritsema C, Geissen V (2016)
Effect of fire frequency on runoff, soil erosion, and loss of organic matter
at the microplot scale in north-central Portugal. Geoderma 269, 126—
137. doi:10.1016/J.GEODERMA.2016.02.004

Hyde KD, Riley K, Stoof C (2017) Uncertainties in predicting debris flow
hazards following wildfire. In ‘Natural hazard uncertainty assessment:
modeling and decision support. Geophysical monograph 223°. (Eds
K Riley, P Webley, M Thompson) pp. 287-299 (American Geophysical
Union: Washington, DC, USA).

Imeson AC, Verstraten JM, van Mulligen EJ, Sevink J (1992) The
effects of fire and water repellency on infiltration and runoff under
Mediterranean type forest. Catena 19, 345-361. doi:10.1016/0341-
8162(92)90008-Y

INFC (2005) Inventario Nazionale delle Foreste e dei Serbatoi Forestali
di Carbonio. Ministero delle Politiche Agricole Alimentari e Fore-
stali, Ispettorato Generale — Corpo Forestale dello Stato. CRA —
Istituto Sperimentale per I’ Assestamento Forestale e per I’ Alpicoltura.
Available at https:/www.sian.it/inventarioforestale/ [Verified 30
July 2019]

Kalabokidis K, Ager A, Finney M, Athanasis N, Palaiologou P,
Vasilakos C (2016) AEGIS: a wildfire prevention and management


http://dx.doi.org/10.1002/HYP.6755
http://dx.doi.org/10.1002/HYP.6755
http://dx.doi.org/10.1016/0341-8162(95)00031-2
http://dx.doi.org/10.1016/0341-8162(95)00031-2
http://dx.doi.org/10.1016/J.GEOMORPH.2010.06.011
http://dx.doi.org/10.1007/S00442-004-1788-8
http://dx.doi.org/10.1007/S10021-017-0172-6
http://dx.doi.org/10.1002/LDR.547
http://dx.doi.org/10.1016/J.GEOMORPH.2017.09.028
http://dx.doi.org/10.1016/J.GEOMORPH.2017.09.028
http://dx.doi.org/10.1111/J.1752-1688.2004.TB01030.X
http://dx.doi.org/10.13031/2013.42680
http://forest.moscowfsl.wsu.edu/fswepp/docs/rockclimdoc.Html[verified30July2019]
http://forest.moscowfsl.wsu.edu/fswepp/docs/rockclimdoc.Html[verified30July2019]
http://dx.doi.org/10.1071/WF15007
http://dx.doi.org/10.1071/WF02042
http://dx.doi.org/10.1139/X02-068
http://dx.doi.org/10.1139/X02-068
http://dx.doi.org/10.1016/J.GEODERMA.2017.06.018
http://dx.doi.org/10.1016/J.GEODERMA.2017.06.018
http://dx.doi.org/10.1002/ESP.1346
http://dx.doi.org/10.1016/J.CATENA.2010.01.001
http://pubs.usgs.gov/of/2004/1085
http://pubs.usgs.gov/of/2004/1085
http://dx.doi.org/10.1046/J.1365-2389.2000.00310.X
http://dx.doi.org/10.1016/J.FORECO.2015.10.030
http://dx.doi.org/10.1016/J.GEODERMA.2016.02.004
http://dx.doi.org/10.1016/0341-8162(92)90008-Y
http://dx.doi.org/10.1016/0341-8162(92)90008-Y
https://www.sian.it/inventarioforestale/

Coupling wildfire spread and erosion models

information system. Natural Hazards and Earth System Sciences 16,
643-661. doi:10.5194/NHESS-16-643-2016

Keeley JE (2009) Fire intensity, fire severity and burn severity: a brief
review and suggested usage. International Journal of Wildland Fire 18,
116-126. doi:10.1071/WF07049

Kutiel P, Inbar M (1993) Fire impacts on soil nutrients and soil erosion in a
Mediterranean pine forest plantation. Catena 20, 129-139. doi:10.1016/
0341-8162(93)90033-L

Larsen 1J, MacDonald LH, Brown E, Rough D, Welsh MJ, Pietraszek JH,
Libohova Z, de Dios Benavides-Solorio J, Schaffrath K (2009) Causes
of post-fire runoff and erosion: water repellency, cover, or soil sealing?
Soil Science Society of America Journal 73, 1393-1407. doi:10.2136/
SSSAJ2007.0432

Lavabre J, Martin C (1997) Impact d’un incendie de forét sur I’hydrologie et
Iérosion hydrique d’un petit bassin versant méditerranéen. In ‘Human
impact on erosion and sedimentation; proceedings of Rabat symposium
S6, April 1997°, pp. 39-47 (IAHS Publication No. 245) Available at
http://hydrologie.org/redbooks/245.htm [Verified 30 July 2019].

Lavee H, Kutiel P, Segev M, Benyamini Y (1995) Effect of surface
roughness on runoff and erosion in a Mediterranean ecosystem: the
role of fire. Geomorphology 11, 227-234. doi:10.1016/0169-
555X(94)00059-Z

Lozano O, Salis M, Ager AA, Arca B, Alcasena F, Monteiro AT, Finney
MA, Del Giudice L, Scoccimarro E, Spano D (2017) Assessing climate
change impacts on wildfire exposure in Mediterranean areas. Risk
Analysis 37, 1898-1916. doi:10.1111/RISA.12739

MacDonald LH, Larsen 1J (2009) Effects of forest fires and post-fire
rehabilitation: a Colorado, USA, case study. In ‘Fire effects on soils
and restoration strategies’. (Eds A Cerda, Robichaud PR) pp. 423-452.
(Science Publishers, Inc.: Enfield, NH, USA)

Malkinson D, Wittenberg L, Beeri O, Barzilai R (2011) Effects of repeated
fires on the structure, composition, and dynamics of Mediterranean
maquis: short-and long-term perspectives. Ecosystems 14, 478-488.
doi:10.1007/S10021-011-9424-Z

Marques MA, Mora E (1992) The influence of aspect on runoff and soil loss
in a Mediterranean burnt forest (Spain). Catena 19, 333-344. doi:10.
1016/0341-8162(92)90007-X

Mayor AG, Bautista S, Llovet J, Bellot J (2007) Post-fire hydrological
and erosional responses of a Mediterranean landscape: seven years of
catchment-scale dynamics. Catena 71, 68-75. doi:10.1016/J.CATENA.
2006.10.006

Miller ME, MacDonald LH, Robichaud PR, Elliot W] (2011) Predicting
post-fire hillslope erosion in forest lands of the western United States.
International Journal of Wildland Fire 20, 982-999. doi:10.1071/
WF09142

Mitsopoulos I, Mallinis G, Arianoutsou M (2015) Wildfire risk assess-
ment in a typical Mediterranean wildland—urban interface of Greece.
Environmental Management 55, 900-915. doi:10.1007/S00267-014-
0432-6

Molina JR, Rodriguez y Silva F, Herrera MA (2011) Potential crown fire
behaviour in Pinus pinea stands following different fuel treatments.
Forest Systems 20, 266-277. doi:10.5424/FS/2011202-10923

Moody JA, Martin DA (2001) Post-fire, rainfall intensity—peak discharge
relations for three mountainous watersheds in the western USA. Hydro-
logical Processes 15,2981-2993. doi:10.1002/HYP.386

Moody JA, Shakesby RA, Robichaud PR, Cannon SH, Martin DA
(2013) Current research issues related to post-wildfire runoff and
erosion processes. Earth-Science Reviews 122, 10-37. doi:10.1016/
JEARSCIREV.2013.03.004

Nunes JP, Doerr SH, Sheridan G, Neris J, Santin C, Emelko MB, Silins U,
Robichaud PR, Elliot WJ, Keizer J (2018) Assessing water contamina-
tion risk from vegetation fires: challenges, opportunities and a frame-
work for progress. Hydrological Processes 32, 687—694. doi:10.1002/
HYP.11434

Int. J. Wildland Fire (0]

Oliveira TM, Barros AMG, Ager AA, Fernandes PM (2016) Assessing the
effect of a fuel break network to reduce burnt area and wildfire risk
transmission. International Journal of Wildland Fire 25, 619-632.
doi:10.1071/WF15146

Onodera S, Van Stan JT (2011) Effect of forest fires on hydrology and
biogeochemistry of watersheds. In ‘Forest hydrology and biogeochem-
istry’. (Eds DF Levia, D Carlyle-Moses, T Tanakas) pp. 599-621.
(Springer: Dordrecht, Netherlands)

Palaiologou P, Ager AA, Nielsen-Pincus M, Evers CR, Kalabokidis K
(2018) Using transboundary wildfire exposure assessments to improve
fire management programs: a case study in Greece. [nternational
Journal of Wildland Fire 27, 501-513. doi:10.1071/WF17119

Parisien MA, Robinne FN, Perez JY, Denave B, DeLancey ER,
Doche C (2018) Scénarios de probabilité et puissance potentielle
des feux de végétation dans le département des Landes, France.
Canadian Journal of Forest Research 48, 1587-1600. doi:10.1139/
CJFR-2018-0223

Pausas JG, Carbo E, Rosa NC, Gil JM, Vallejo R (1999) Post-fire
regeneration patterns in the eastern Iberian Peninsula. Acta Oecologica
20, 499-508. doi:10.1016/S1146-609X(00)86617-5

Pausas JG, Llovet J, Rodrigo A, Vallejo VR (2008) Are wildfires a disaster
in the Mediterranean basin? A review. International Journal of Wildland
Fire 17, 713-723. doi:10.1071/WF07151

Pelletier JD, Orem CA (2014) How do sediment yields from post-wildfire
debris-laden flows depend on terrain slope, soil burn severity class, and
drainage basin area? Insights from airborne-LiDAR change detection.
Earth Surface Processes and Landforms 39, 1822—-1832. doi:10.1002/
ESP.3570

Pellizzaro G, Ventura A, Zara P (2005) Influence of seasonal weather
variations on fuel status for some shrubs typical of Mediterranean Basin.
In ‘Proceedings 6th fire and forest meteorology symposium and 19th
Interior West Fire Council meeting’, October 2005, Canmore, AB,
Canada. pp. 24-27 (CD-ROM) (American Meteorological Society)
Available at  https://ams.confex.com/ams/6FireJoint/webprogram/
6FIRE.html [Verified 30 July 2019].

Pellizzaro G, Duce P, Ventura A, Zara P (2007) Seasonal variations of
live moisture content and ignitability in shrubs of the Mediterranean
Basin. International Journal of Wildland Fire 16,633—641.doi:10.1071/
WEF05088

Peppin D, Fulé PZ, Sieg CH, Beyers JL, Hunter ME (2010) Post-wildfire
seeding in forests of the western United States: an evidence-based
review. Forest Ecology and Management 260, 573-586. doi:10.1016/
J.FORECO.2010.06.004

Porqueddu C, Roggero P (1994) Effetto delle tecniche agronomiche di
intensificazione foraggera sui fenomeni erosivi dei terreni in pendio in
ambiente mediterraneo. Rivista di Agronomia 28, 364-370.

Porqueddu C, Caredda S, Sulas L, Farina R, Fara G (2001) Impatto
dell’intensificazione colturale dei sistemi cerealicolo—zootecnici
sull’erosione in aree collinari della Sardegna. Rivista di Agronomia
35, 45-50.

Prats S, Malvar M, Martins MAS, Keizer JJ (2014) Post-fire soil erosion
mitigation: a review of the last research and techniques developed in
Portugal. Cuadernos de Investigacion Geografica 40, 403—428. doi:10.
18172/C1G.2519

Reinhardt ED, Keane R, Calkin DE, Cohen JD (2008) Objectives and
considerations for wildland fuel treatment in forested ecosystems of the
interior western United States. Forest Ecology and Management 256,
1997-2006. doi:10.1016/J.FOREC0.2008.09.016

Richards GD (1990) An elliptical growth model of forest fire fronts and its
numerical solution. International Journal for Numerical Methods in
Engineering 30, 1163—1179. doi:10.1002/NME.1620300606

Rivoira G, Roggero PP, Bullitta SM (1989) Influenza delle tecniche di
miglioramento dei pascoli sui fenomeni erosivi dei terreni in pendio.
Rivista di Agronomia 23, 372-377.


http://dx.doi.org/10.5194/NHESS-16-643-2016
http://dx.doi.org/10.1071/WF07049
http://dx.doi.org/10.1016/0341-8162(93)90033-L
http://dx.doi.org/10.1016/0341-8162(93)90033-L
http://dx.doi.org/10.2136/SSSAJ2007.0432
http://dx.doi.org/10.2136/SSSAJ2007.0432
http://hydrologie.org/redbooks/245.htm
http://dx.doi.org/10.1016/0169-555X(94)00059-Z
http://dx.doi.org/10.1016/0169-555X(94)00059-Z
http://dx.doi.org/10.1111/RISA.12739
http://dx.doi.org/10.1007/S10021-011-9424-Z
http://dx.doi.org/10.1016/0341-8162(92)90007-X
http://dx.doi.org/10.1016/0341-8162(92)90007-X
http://dx.doi.org/10.1016/J.CATENA.2006.10.006
http://dx.doi.org/10.1016/J.CATENA.2006.10.006
http://dx.doi.org/10.1071/WF09142
http://dx.doi.org/10.1071/WF09142
http://dx.doi.org/10.1007/S00267-014-0432-6
http://dx.doi.org/10.1007/S00267-014-0432-6
http://dx.doi.org/10.5424/FS/2011202-10923
http://dx.doi.org/10.1002/HYP.386
http://dx.doi.org/10.1016/J.EARSCIREV.2013.03.004
http://dx.doi.org/10.1016/J.EARSCIREV.2013.03.004
http://dx.doi.org/10.1002/HYP.11434
http://dx.doi.org/10.1002/HYP.11434
http://dx.doi.org/10.1071/WF15146
http://dx.doi.org/10.1071/WF17119
http://dx.doi.org/10.1139/CJFR-2018-0223
http://dx.doi.org/10.1139/CJFR-2018-0223
http://dx.doi.org/10.1016/S1146-609X(00)86617-5
http://dx.doi.org/10.1071/WF07151
http://dx.doi.org/10.1002/ESP.3570
http://dx.doi.org/10.1002/ESP.3570
https://ams.confex.com/ams/6FireJoint/webprogram/6FIRE.html
https://ams.confex.com/ams/6FireJoint/webprogram/6FIRE.html
http://dx.doi.org/10.1071/WF05088
http://dx.doi.org/10.1071/WF05088
http://dx.doi.org/10.1016/J.FORECO.2010.06.004
http://dx.doi.org/10.1016/J.FORECO.2010.06.004
http://dx.doi.org/10.18172/CIG.2519
http://dx.doi.org/10.18172/CIG.2519
http://dx.doi.org/10.1016/J.FORECO.2008.09.016
http://dx.doi.org/10.1002/NME.1620300606

P Int. J. Wildland Fire

Robichaud PR (2000) Fire effects on infiltration rates after prescribed fire in
northern Rocky Mountain forests, USA. Journal of Hydrology 231-232,
220-229. doi:10.1016/S0022-1694(00)00196-7

Robichaud PR, Ashmun LE (2013) Tools to aid post-wildfire assessment
and erosion-mitigation treatment decisions. International Journal of
Wildland Fire 22, 95-105. doi:10.1071/WF11162

Robichaud PR, Beyers JL, Neary DG (2000) Evaluating the effectiveness of
post-fire rehabilitation treatments. USDA Forest Service, Rocky Moun-
tain Research Station, General Technical Report RMRS-GTR-63. (Fort
Collins, CO, USA).

Robichaud PR, Elliot WJ, Pierson FB, Hall DE, Moffet CA, Ashmun LE
(2007a) Erosion risk management tool (ERMiT) user manual, version
2006.01.18. USDA Forest Service, Rocky Mountain Research Station,
General Technical Report RMRS-GTR-188. (Fort Collins, CO, USA).

Robichaud PR, Elliot WJ, Pierson FB, Hall DE, Moffet CA (2007b)
Predicting post-fire erosion and mitigation effectiveness with a web-
based probabilistic erosion model. Catena 71, 229-241. doi:10.1016/
J.CATENA.2007.03.003

Robichaud PR, Wagenbrenner JW, Brown RE, Wohlgemuth PM,
Beyers JL (2008) Evaluating the effectiveness of contour-felled log
erosion barriers as a post-fire runoff and erosion mitigation treatment in
the western United States. International Journal of Wildland Fire 17,
255-273. doi:10.1071/WF07032

Robichaud PR, MacDonald LH, Flotz RB (2010). Fuel management and
erosion. In ‘Cumulative watershed effects of fuel management in the
western United States’. (Eds WJ Elliot, IS Miller, L Audin) USDA Forest
Service, General Technical Report RMRS-GTR-23, Ch. 5, pp. 79-100.
(Fort Collins, CO, USA).

Robichaud PR, Lewis SA, Wagenbrenner JW, Ashmun LE, Brown RE
(2013) Post-fire mulching for runoff and erosion mitigation: Part I:
Effectiveness at reducing hillslope erosion rates. Catena 105, 75-92.
doi:10.1016/J.CATENA.2012.11.015

Rothermel RC (1972) A mathematical model for predicting fire spread in
wildland fuels. USDA Forest Service, Intermountain Forest and Range
Experiment Station, Research Paper INT-115. (Ogden, UT, USA).

Rothermel RC (1991) Predicting behavior and size of crown fires in the
Northern Rocky Mountains. USDA Forest Service, Intermountain
Forest and Range Experiment Station, Research Paper INT-438.
(Ogden, UT, USA).

Rubio JL, Forteza J, Andreu V, Cerni R (1997) Soil profile characteristics
influencing runoff and soil erosion after forest fire: a case study
(Valencia, Spain). Soil Technology 11, 67-78. doi:10.1016/S0933-
3630(96)00116-X

RuffaultJ, Curt T, Martin-St Paul NK, Moron V, Trigo RM (2018) Extreme
wildfire events are linked to global-change-type droughts in the northern
Mediterranean. Natural Hazards and Earth System Sciences 18, 847—
856. doi:10.5194/NHESS-18-847-2018

Rulli MC, Offeddu L, Santini M (2012) Modeling post-fire water erosion
mitigation strategies. Hydrology and Earth System Sciences Discussions
9, 10877-10916. doi:10.5194/HESSD-9-10877-2012

Rust AJ, Hogue TS, Saxe S, McCray J (2018) Post-fire water-quality
response in the western United States. International Journal of Wildland
Fire 27,203-216. doi:10.1071/WF17115

Salis M, Ager AA, Arca B, Finney MA, Bacciu V, Duce P, Spano D (2013)
Assessing exposure of human and ecological values to wildfire in
Sardinia, Italy. International Journal of Wildland Fire 22, 549-565.
doi:10.1071/WF11060

Salis M, Ager AA, Alcasena FJ, Arca B, Finney MA, Pellizzaro G,
Spano D (2015) Analyzing seasonal patterns of wildfire exposure factors
in Sardinia, Italy. Environmental Monitoring and Assessment 187,4175.
doi:10.1007/S10661-014-4175-X

Salis M, Laconi M, Ager AA, Alcasena F, Arca B, Lozano OM,
Oliveira AS, Spano D (2016) Evaluating alternative fuel treatment
strategies to reduce wildfire losses in a Mediterranean area. Forest

M. Salis et al.

Ecology and Management 368, 207-221. doi:10.1016/J.FORECO.2016.
03.009

Salis M, Del Giudice L, Arca B, Ager AA, Alcasena F, Lozano O,
Bacciu V, Spano D, Duce P (2018) Modeling the effects of different
fuel treatment mosaics on wildfire spread and behavior in a Mediterra-
nean agro-pastoral area. Journal of Environmental Management 212,
490-505. doi:10.1016/J.JENVMAN.2018.02.020

Salis M, Arca B, Alcasena-Urdiroz F, Massaiu A, Bacciu V, Bosseur F,
Caramelle P, Dettori S, Fernandes De Oliveira AS, Molina-Terren D,
Pellizzaro G, Santoni P-A, Spano D, Vega-Garcia C, Duce P (2019)
Recent dynamics of wildland fires in Quercus suber L. woodlands in
Sardinia, Corsica and Catalonia. European Journal of Forest Research.
doi:10.1007/S10342-019-01179-1

San-Miguel-Ayanz J, Durrant T, Boca R, Liberta G, Branco A, de Rigo D,
Ferrari D, Maianti P, Artés Vivancos T, Costa H, Lana F, Loffler P,
Nuijten D, Ahlgren AC, Leray T (2018) ‘Forest fires in Europe, Middle
East and North Africa 2017.” Publications Officer of the European
Union. doi: 10.2760/663443.

Sankey JB, Kreitler J, Hawbaker TJ, McVay JL, Miller ME, Mueller ER,
Vaillant NM, Lowe SE, Sankey TT (2017) Climate, wildfire,
and erosion ensemble foretells more sediment in western USA water-
sheds. Geophysical Research Letters 44, 8884-8892. doi:10.1002/
2017GL073979

Scott JH (2006) An analytical framework for quantifying wildland fire risk
and fuel treatment benefit. In ‘Fuels management — how to measure
success: conference proceedings’, 28-30 March 2006, Portland, OR.
(Comp. eds PL Andrews, BW Butler) USDA Forest Service, Rocky
Mountain Research Station, Proceedings RMRS-P-41, pp. 169-184.
(Fort Collins, CO, USA)

Scott JH, Burgan R (2005) Standard fire behavior fuel models: a compre-
hensive set for use with Rothermel’s surface fire spread model. USDA
Forest Service, Rocky Mountain Research Station, General Technical
Report RMRS-GTR-153. (Fort Collins, CO, USA).

Scott JH, Reinhardt ED (2001) Assessing crown fire potential by linking
models of surface and crown fire behavior. USDA Forest Service, Rocky
Mountain Research Station, Research Paper RMRS-RP-29. (Fort Col-
lins, CO, USA).

Scott J, Helmbrecht D, Thompson MP, Calkin DE, Marcille K (2012)
Probabilistic assessment of wildfire hazard and municipal watershed
exposure. Natural Hazards 64,707-728. doi:10.1007/S11069-012-0265-7

Shakesby RA (1993) The soil erosion bridge: a device for microprofiling
soil surfaces. Earth Surface Processes and Landforms 18, 823-827.
doi:10.1002/ESP.3290180906

Shakesby RA (2011) Post-wildfire soil erosion in the Mediterranean: review
and future research directions. Earth-Science Reviews 105, 71-100.
doi:10.1016/J.EARSCIREV.2011.01.001

Shakesby RA, Doerr SH (2006) Wildfire as a hydrological and geomor-
phological agent. Earth-Science Reviews 74, 269-307. doi:10.1016/
JEARSCIREV.2005.10.006

Shakesby RA, Wallbrink PJ, Doerr SH, English PM, Chafer CIJ,
Humphreys GS, Blake WH, Tomkins KM (2007) Distinctiveness of
wildfire effects on soil erosion in south-east Australian eucalypt
forests assessed in a global context. Forest Ecology and Management
238, 347-364. doi:10.1016/J.FORECO0.2006.10.029

Sheridan GJ, Lane PNJ, Noske PJ (2007) Quantification of hillslope
runoff and erosion processes before and after wildfire in a wet eucalypt
forest. Journal of Hydrology 343, 12-28. doi:10.1016/J.JHYDROL.
2007.06.005

Sidman G, Guertin DP, Goodrich DC, Thoma D, Falk D, Burns IS (2016)
A coupled modelling approach to assess the effect of fuel treatments on
post-wildfire runoff and erosion. International Journal of Wildland Fire
25, 351-362. doi:10.1071/WF14058

Silins U, Stone M, Emelko MB, Bladon KD (2009) Sediment production
following severe wildfire and post-fire salvage logging in the Rocky


http://dx.doi.org/10.1016/S0022-1694(00)00196-7
http://dx.doi.org/10.1071/WF11162
http://dx.doi.org/10.1016/J.CATENA.2007.03.003
http://dx.doi.org/10.1016/J.CATENA.2007.03.003
http://dx.doi.org/10.1071/WF07032
http://dx.doi.org/10.1016/J.CATENA.2012.11.015
http://dx.doi.org/10.1016/S0933-3630(96)00116-X
http://dx.doi.org/10.1016/S0933-3630(96)00116-X
http://dx.doi.org/10.5194/NHESS-18-847-2018
http://dx.doi.org/10.5194/HESSD-9-10877-2012
http://dx.doi.org/10.1071/WF17115
http://dx.doi.org/10.1071/WF11060
http://dx.doi.org/10.1007/S10661-014-4175-X
http://dx.doi.org/10.1016/J.FORECO.2016.03.009
http://dx.doi.org/10.1016/J.FORECO.2016.03.009
http://dx.doi.org/10.1016/J.JENVMAN.2018.02.020
http://dx.doi.org/10.1007/S10342-019-01179-1
http://dx.doi.org/10.1002/2017GL073979
http://dx.doi.org/10.1002/2017GL073979
http://dx.doi.org/10.1007/S11069-012-0265-7
http://dx.doi.org/10.1002/ESP.3290180906
http://dx.doi.org/10.1016/J.EARSCIREV.2011.01.001
http://dx.doi.org/10.1016/J.EARSCIREV.2005.10.006
http://dx.doi.org/10.1016/J.EARSCIREV.2005.10.006
http://dx.doi.org/10.1016/J.FORECO.2006.10.029
http://dx.doi.org/10.1016/J.JHYDROL.2007.06.005
http://dx.doi.org/10.1016/J.JHYDROL.2007.06.005
http://dx.doi.org/10.1071/WF14058

Coupling wildfire spread and erosion models

Mountain headwaters of the Oldman River Basin, Alberta. Catena 79,
189-197. doi:10.1016/J.CATENA.2009.04.001

Soto B, Diaz-Fierros F (1998) Runoff and soil erosion from areas of burnt
scrub: a comparison of experimental results with those predicted
by the WEPP model. Catena 31, 257-270. doi:10.1016/S0341-
8162(97)00047-7

Srivastava A, Wu JQ, Elliot WJ, Brooks ES, Flanagan DC (2018) A
simulation study to estimate effects of wildfire and forest management on
hydrology and sediment in a forested watershed, north-western USA.
Transactions of the ASABE 61, 1579—-1601. doi:10.13031/TRANS.12326

Stephens SL, Meixner T, Poth M, McGurk B, Payne D (2004) Prescribed
fire, soils, and stream water chemistry in a watershed in the Lake Tahoe
Basin, California. International Journal of Wildland Fire 13, 27-35.
doi:10.1071/WF03002

Stoof CR, Ferreira AJD, Mol W, Van den Berg J, De Kort A, Drooger S,
Slingerland EC, Mansholt AU, Ferreira CSS, Ritsema CJ (2015) Soil
surface changes increase runoff and erosion risk after a low—moderate
severity fire. Geoderma 239-240, 58-67. doi:10.1016/J.GEODERMA.
2014.09.020

Symeonakis E, Calvo-Cases A, Arnau-Rosalen E (2007) Land-use change
and land degradation in south-eastern Mediterranean Spain. Environ-
mental Management 40, 80-94. doi:10.1007/S00267-004-0059-0

Thompson MP, Scott J, Langowski PG, Gilbertson-Day JW, Haas JR,
Bowne EM (2013) Assessing watershed-wildfire risks on National
Forest System lands in the Rocky Mountain region of the United States.
Water (Basel) 5, 945-971. doi:10.3390/W5030945

Turco M, Rosa-Canovas JJ, Bedia J, Jerez S, Montavez JP, Llasat MC,
Provenzale A (2018) Exacerbated fires in Mediterranean Europe due to
anthropogenic warming projected with non-stationary climate—fire mod-
els. Nature Communications 9,3821. doi:10.1038/S41467-018-06358-Z

Ubeda X, Sala M (1996) Changes in physical properties of soils and increase
in runoff and erosion following a forest fire. Cadernos do Labatorio
Xeoloxico de Laxe 21, 559-572.

Int. J. Wildland Fire Q

Vacca A, Loddo S, Ollesch G, Puddu R, Serra G, Tomasi D, Aru A (2000)
Measurement of runoff and soil erosion in three areas under different
land use in Sardinia (Italy). Catena 40, 69-92. doi:10.1016/S0341-
8162(00)00088-6

Vaillant NM, Reinhardt ED (2017) An evaluation of the Forest Service
Hazardous Fuels Treatment Program — are we treating enough to
promote resiliency or reduce hazard? Journal of Forestry 115, 300—
308. doi:10.5849/JOF.16-067

Van Wagner CE (1977) Conditions for the start and spread of crown fire.
Canadian Journal of Forest Research 7, 23-34. doi:10.1139/X77-004

Vega JA, Fernandez C, Fonturbel T (2005) Throughfall, runoff and
soil erosion after prescribed burning in gorse shrubland in Galicia
(NW Spain). Land Degradation & Development 16, 37-51. doi:10.
1002/LDR.643

Viegas DX, Figueiredo Almeida M, Ribeiro LM, Raposo J, Viegas MT,
Oliveira R, Alves D, Pinto C, Jorge H, Rodrigues A, Lucas D, Lopes S,
Silva LF (2017) O complexo de incendios de Pedrogao Grande e
concelhos limitrofes, iniciado a 17 de junho de 2017. Available at
https://www.portugal.gov.pt/pt/gc21/comunicacao/documento?i=o-
complexo-de-incendios-de-pedrogao-grande-e-concelhos-limitrofes-
iniciado-a-17-de-junho-de-2017 [Verified 30 July 2019]

Vieira DCS, Fernandez C, Vega JA, Keizer JJ (2015) Does soil burn
severity affect the post-fire runoff and interrill erosion response?
A review based on meta-analysis of field rainfall simulation data.
Journal of Hydrology 523, 452-464. doi:10.1016/J.JHYDROL.2015.
01.071

Vogler KC, Ager AA, Day MA, Jennings M, Bailey JD (2015) Prioritiza-
tion of forest restoration projects: trade-offs between wildfire protection,
ecological restoration and economic objectives. Forests 6, 4403-4420.
doi:10.3390/F6124375

Zavala LM, De Celis R, Jordan A (2014) How wildfires affect soil
properties. A brief review. Cuadernos de Investigacion Geogrdfica 40,
311-331. doi:10.18172/CI1G.2522

www.publish.csiro.au/journals/ijwf


http://dx.doi.org/10.1016/J.CATENA.2009.04.001
http://dx.doi.org/10.1016/S0341-8162(97)00047-7
http://dx.doi.org/10.1016/S0341-8162(97)00047-7
http://dx.doi.org/10.13031/TRANS.12326
http://dx.doi.org/10.1071/WF03002
http://dx.doi.org/10.1016/J.GEODERMA.2014.09.020
http://dx.doi.org/10.1016/J.GEODERMA.2014.09.020
http://dx.doi.org/10.1007/S00267-004-0059-0
http://dx.doi.org/10.3390/W5030945
http://dx.doi.org/10.1038/S41467-018-06358-Z
http://dx.doi.org/10.1016/S0341-8162(00)00088-6
http://dx.doi.org/10.1016/S0341-8162(00)00088-6
http://dx.doi.org/10.5849/JOF.16-067
http://dx.doi.org/10.1139/X77-004
http://dx.doi.org/10.1002/LDR.643
http://dx.doi.org/10.1002/LDR.643
https://www.portugal.gov.pt/pt/gc21/comunicacao/documento?i=o-complexo-de-incendios-de-pedrogao-grande-e-concelhos-limitrofes-iniciado-a-17-de-junho-de-2017
https://www.portugal.gov.pt/pt/gc21/comunicacao/documento?i=o-complexo-de-incendios-de-pedrogao-grande-e-concelhos-limitrofes-iniciado-a-17-de-junho-de-2017
https://www.portugal.gov.pt/pt/gc21/comunicacao/documento?i=o-complexo-de-incendios-de-pedrogao-grande-e-concelhos-limitrofes-iniciado-a-17-de-junho-de-2017
http://dx.doi.org/10.1016/J.JHYDROL.2015.01.071
http://dx.doi.org/10.1016/J.JHYDROL.2015.01.071
http://dx.doi.org/10.3390/F6124375
http://dx.doi.org/10.18172/CIG.2522

