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Abstract

Wildfires accelerate soil erosion. Preventive fuel management and post-fire control mea-
sures are two distinct strategies that can be used to mitigate wildfire-induced soil loss with
varying effectiveness and costs. Here, we quantified the impacts and effectiveness of pre-
versus post-fire treatment strategies on soil loss mitigation. We coupled fire simulations
with soil erosion modelling to estimate annual wildfire-induced soil loss for two watersheds
in Portugal. We identified optimal treatment locations with the aim of maximizing the
reduction in soil loss, and estimated treatment effectiveness using treatment leverage and
cost-effectiveness. Both mitigation strategies were predicted to reduce post-fire soil loss,
with effects increasing with treatment extent. Treatments had a strong mitigation effect
particularly in extreme fire years. Results indicated that there was no single mitigation
strategy that fits all watersheds, and the choice was largely influenced by wildfire and
treatment frequency. For the most fire-prone watershed, Castelo de Bode, fuel treatments
were the most effective strategy, being approximately 2-fold cheaper and more effective
than post-fire treatments. Treatments were more effective and exhibited lower variability
in years with higher soil loss. Our results show that the most cost-effective combinations
of treatment strategies vary with the soil loss reduction objective. Relevant treatment
synergies were identified that can help land managers to maximize the attainment of soil
loss mitigation goals ensuring the best use of resources. This work contributes to a better
understanding of how post-fire soil loss can be mitigated, contributing for better resource
allocation while maximizing specific management goals.

Keywords: risk; management; landscape; optimization; effectiveness; leverage; severity; cost

1. Introduction
Accelerated soil erosion is widely considered to constitute one of the most important

threats to soils in Europe, not only endangering sustainable land use but also potentiating
important off-site impacts such as damage to infrastructures, contamination of surface
water bodies and silting-up of reservoirs [1–3]. In southern Europe, wildfires have long
been recognized as a key factor in accelerating soil erosion by water, in particular from
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shrublands and (planted) woodlands [4,5]. The strong and sometimes extreme hydrological
and erosion responses that have frequently been observed in recently burnt areas result
from direct wildfire effects on vegetation and soil, in combination with intense post-fire
rainfall events during the window of disturbance [6–8]. As such, the degree and duration
of the wildfire-enhanced runoff and erosion response depend strongly on vegetation and
soil burn severity, as well as on the resilience of the ecosystem to recover from these direct
impacts [7,9,10].

Preventive fuel management can mitigate wildfire impacts by reducing fire likelihood
and intensity and consequently burn severity and post-fire erosion risk [11–13]. Fuel
treatments substantially reduce fuel load using a range of techniques such as thinning,
mechanical cutting of the undergrowth vegetation, herbicide application and prescribed
burning [13,14]. Although fuel treatments can also negatively impact protective ground
cover and soil erodibility and thus increase soil erosion risk, these effects are substantially
lower than a severe wildfire [15,16]. Several studies have evaluated the impacts of fuel
treatments on post-fire erosion risk by coupling wildfire spread and erosion models and
then comparing post-fire erosion for scenarios with and without fuel treatments [15,17–20].
Overall, these studies found that the effectiveness of fuel treatments to reduce post-fire
soil losses depends on multiple factors such as treatment type and intensity, burn severity,
vegetation and soil resilience, terrain and both wildfire and rainfall regimes.

A wide range of measures have been used to mitigate soil erosion after wildfires using
well organized post-fire emergency stabilization, especially in the USA [21,22] and Spain
(Galicia) [23]. The extensive review by Girona-García et al. [24] divided the measures in
four main categories according to their principles of operation: (i) protective ground cover;
(ii) barriers; (iii) seeding; and (iv) chemical. The authors’ meta-analysis showed that all four
main categories had a significant mean soil loss reduction effect, but the benefits from the
treatment types decreased in the order listed. Furthermore, the 95% confidence interval was
markedly smaller for cover-based treatments compared to both barrier- and seeding-based
treatments. The meta-analysis contained six studies including one conducted in the same
region as the present study, i.e., central Portugal [25]. All six studies tested cover-based
treatments and were included in the follow-up study of Girona-Garcia et al. [26] that
reviewed the cost-effectiveness of post-fire erosion mitigation measures.

Despite these and other studies, the recent shift in fire management in Europe [27,28],
and specifically in the Mediterranean basin [29,30], towards prevention sets the stage for
more research towards optimizing investments in both pre- and post-fire mitigation strate-
gies at the watershed scale. Clearly, a robust decision framework for erosion mitigation
needs to adopt a risk-based approach given the stochastic nature of both high-severity
wildfire and post-fire extreme rainfall events. Furthermore, there is also the need to better
understand what types of treatments, either alone or in combination, are most cost-effective
in terms of mitigating post-fire soil loss, and how treatment locations can be spatially opti-
mized at watershed scales to maximize soil loss mitigation and improve cost-effectiveness.

In this study, we examined the relative benefits of preventive fuel treatments and
post-fire control measures in mitigating wildfire-induced soil loss. We use a risk-based
framework and integrate effectiveness metrics to provide additional useful information
for land managers. The main objectives of the work were to: (i) quantify the potential
impacts of preventive (pre-fire) and reactive (post-fire) treatment strategies on soil loss
mitigation; (ii) quantify the effectiveness of both strategies; and (iii) evaluate the combined
effect of both strategies to achieve watershed-level targets and identify potential synergies.
We performed the analysis on two distinct watersheds in Portugal that have important
differences in terms of extent, land cover and fire regime. The results contribute to an



Forests 2025, 16, 1202 3 of 26

improved understanding of how specific watershed characteristics can affect the optimal
choice of post-fire soil loss mitigation strategies.

2. Materials and Methods
2.1. Overview

We implemented a simulation-based framework to evaluate soil erosion mitigation
strategies in two fire-prone watersheds in Portugal that are described in Section 2.2. The
framework had the following main steps:

• Fire behavior simulation: Thousands of hypothetical wildfires were simulated to cap-
ture variability in fire spread and intensity across different conditions (fire ensemble;
Section 2.3);

• Fire-level soil loss estimation: Wildfire-induced soil loss was estimated for each simu-
lated fire (soil loss ensemble; Section 2.4);

• Pre-fire fuel treatments: Optimal locations for fuel treatments were identified based
on their potential to reduce wildfire-induced soil loss. Fire spread simulations and
associated soil loss were estimated assuming fuel treatments were implemented (com-
plementing the fire and soil loss ensemble; Section 2.5.1).

• Annual soil loss estimation: Expected annual wildfire-induced soil erosion was de-
rived by integrating soil loss estimates across the full ensemble of simulated fires
(Section 2.5.2);

• Post-fire treatments: Optimal post-fire intervention areas were determined to maxi-
mize wildfire-induced soil loss reduction (Section 2.5.2);

• Treatment evaluation: The effect and effectiveness of both pre- and post-fire treatments
were quantified using performance metrics such as soil loss reduction, leverage, and
cost-effectiveness (Section 2.5.3).

We combined six pre-fire and six post-fire treatment extents (management scenarios)
and considered two fuel scenarios, one representing current conditions and the other
representing medium-term fuel build-up.

2.2. Study Areas

This study was conducted on two watersheds (Figure 1): (1) Castelo de Bode, located
in central Portugal, responsible for providing drinking water to approximately three million
people, including the country’s capital Lisboa [31]; and (2) Odelouca, located in southern
Portugal, the main source of drinking and irrigation water in the Algarve region and crucial
to address the recurrent drought in southern Portugal [32].
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Figure 1. Location (left) and land cover (right; [33]) of the two study catchments: Castelo de Bode (in
blue) and Odelouca (in orange).

The Castelo de Bode watershed has an extent of 1363 km2 and is dominated by
forest (76%), mainly plantations of pine (44%) and eucalypt (30%), and shrublands (10%).
Approximately half of the watershed has gentle slopes ranging from 4 to 10%, and most
of the watershed (~90%) has slopes below 15%. According to the aridity index, the area is
“humid” (data for 2000–2010; [34]). The predominant soils are Regosols and Podzols [35].

The Odelouca watershed has an extent of 396 km2, and is thus about approximately
3.5-fold smaller than the Castelo de Bode watershed. It is dominated by hardwood forest
(especially cork-oak, 50%), followed by shrublands (25%) and eucalypt plantations (11%).
The slope distribution is very similar to that of Castelo de Bode. According to the aridity
index, the watershed comprises both “semi-arid” and “sub-humid” dry areas [34]. The
predominant soils are Regosols [35].

Both watersheds have wildfire regimes associated with large and intense wildfires,
with varying wildfire frequencies and total burned extent [36,37]. For Castelo de Bode,
the cumulative burned area over the last 20 years was equivalent to the watershed extent,
burning at an average of 4.5% per year. For Odelouca, it was equivalent to 60% of its extent,
burning at an average of 2.7% per year. The wildfire recurrence was very high in Castelo
de Bode, with a substantial extent of areas burned more than 3 fold times in the last five
decades [37] (Figure A1a). The wildfire recurrence was much lower for Odelouca, with
a relevant extent that never burned and parts that burned once or twice in the last five
decades (Figure A1b).
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2.3. Wildfire Modeling

To simulate wildfire spread and behavior across the study areas, we used the minimum
travel time (MTT) spread algorithm [38], as implemented in FConstMTT, a command line
version of FlamMap [39]. MTT is a mechanistic wildfire spread modeling system that
calculates two-dimensional fire growth using Rothermel’s equation [40] and estimates fire
intensity using Byram’s equation [41]. MTT and FConstMTT have been widely used to
model fire spread and behavior in Mediterranean areas [42–44], including the estimation of
post-fire soil loss [20], and can accurately reproduce large-scale fire patterns [45].

FConstMTT requires data representing the landscape, ignitions, and weather condi-
tions. Temperature, relative humidity, wind speed and direction data were obtained from
ERA5-Land [46], using the MTTfireCAL R package v.1.1 [47]. Weather data were obtained
for the dates of large wildfires (here define as larger than 100 ha) that occurred between 2001
and 2022 [48]. The hourly weather data were extracted for the diurnal period between 14h
and 22h, typically associated with higher fire activity. Relative humidity was derived from
the August–Roche–Magnus formula [49]. Further details of the weather data processing
are thoroughly described in the work of Aparício et al. [47].

The landscape was represented by elevation, slope, aspect, surface fuel models and
tree cover density maps. Elevation data were obtained from the 30 m Space Shuttle Radar
Topography Mission (SRTM) [50] and used to derive slope and aspect. Tree cover density
was obtained from the Copernicus Land Monitoring Service [51]. The ignition probability
surface was produced by applying a kernel density function to historical ignitions of
large wildfires that occurred between 2001 and 2022 [48]. The Portuguese surface fuel
model maps [52] were derived following the methodology of Sá et al. [53]. For each study
area, two fuel scenarios were defined: (1) fuel conditions associated with the year of
2023, representing the current fuel scenario; (2) potential fuel conditions for the year 2030,
assuming fuel build-up due to the absence of wildfires, representing the worst-case scenario.
All results and analysis are shown for the 2023 fuel scenario, unless stated otherwise. All
FConstMTT input layers were produced at a 100 m resolution.

FConstMTT requires calibration to produce accurate simulated spatial wildfire pat-
terns. Calibration was performed using the MTTfireCAL package in R [47]. Ignition points
were randomly generated based on the ignition probability surface. MTT was run itera-
tively to find the optimal durations that reproduced the historical fire patterns, fire size
distribution and fire frequency, in the two study areas [47].

Once calibrated, FConstMTT was run for each study area to simulate thousands of
hypothetical wildfires, representing a burnable area equivalent to 10,000 fire seasons. Fuel
models were changed according to the fuel scenario chosen (2023 or 2030) while all other
parameters remained constant. The outputs generated included flame length (m), with
a spatial resolution of 100 m, and the final burned perimeter of each simulated wildfire.
These composed a wildfire ensemble for each study area and each fuel scenario.

2.4. Soil Loss Modeling

We used a modified version of the RUSLE model [54] to compute soil loss, using the
following equation:

A = R × K × LS × C × P (1)

where A is the average annual soil loss (t ha−1 yr−1), R is the rainfall erosivity factor (MJ
mm ha−1 h−1 yr−1), K is the soil erodibility factor (t ha h ha−1 MJ−1 mm−1), LS is the slope
length-gradient factor (dimensionless), C is the cover-management factor (dimensionless)
and P is the support practice factor (dimensionless).

Maps of the R, K and LS factors were downloaded from the Joint Research Center
(JRC) soil database repository [55–57], while maps of the C and P factors were produced
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by reclassifying the 2018 Portuguese land-cover map [33] according to Tables A1 and A2,
respectively. All maps were created at a 100 m resolution.

The effect of wildfires on soil loss was estimated by modifying the values of the C-
factor values depending on three burn severity levels (Table A1; [58–60]). In turn, burn
severity was derived from simulated flame length (Table 1; [12,61]). The C-factor was
modified assuming that under higher burn severity, a large fraction of the surface cover
was removed. The wildfire-induced soil loss was then obtained for each simulated fire
by subtracting the soil loss with the original C-factor values from the soil loss with the
modified C-factor values. The RUSLE was used in this study to estimate average annual soil
erosion and not time series of annual erosion, thus the effect of wildfires on the C-factor and,
hence, on soil loss was assumed to be limited to the first post-fire year. This assumption
seemed reasonable, since various field studies in central Portugal have reported a major
decrease in soil loss from the first to the second post-fire year [25,62,63].

Table 1. Burn severity classes according to fireline intensity (kW m−1) and flame length (m) (compiled
from works of [12,61]).

Fireline Intensity (kW m−1) Flame Length (m) Burn Severity

<500 <1.5 Low
500–2000 1.5–2.5 Moderate

>2000 >2.5 High

Soil loss maps were computed for each simulated wildfire at a 100 m resolution. These
composed an ensemble of hypothetical wildfire-induced soil loss for each study area and
each fuel scenario. Hereafter, we refer to wildfire-induced soil erosion as just “soil loss”.

2.5. Modelling Soil Loss Mitigation Strategies
2.5.1. Preventive Fuel Treatments (Pre-Fire)

The application of preventive fuel treatments reduces fine fuel load before the occur-
rence of a wildfire. In turn, the treatments decrease fire likelihood, but most importantly,
decrease flame length and hence burn severity [11,12]. Hereafter, we refer to pre-fire fuel
treatments as the actions that comprise fuel load reduction in the landscape, regardless of
the techniques used.

To estimate the impact of pre-fire treatments on soil loss, it was necessary to define their
hypothetical location and extent in each watershed. We identified the optimal treatment
locations using ForSys [64]. ForSys evaluates existing treatment units in the landscape and
locates the ones that maximize the attainment given one or multiple objectives (that can
have different priority levels). In doing so, ForSys groups multiple treatment units into a
single project to simulate management strategies that are more realistic from an operational
perspective. ForSys uses an algorithm that follows a greedy search approach, evaluating
each treatment unit as a seed to create treatment projects in the landscape. The search
continues by incorporating adjacent treatment units until the maximum project area extent
is reached. ForSys has been found to perform well for single objective scenarios [65], and
has been applied in several contexts [42], including for similar purposes as the present
one [20].

To apply ForSys, both study watersheds were divided into potential treatment units
(or stands), each of which comprising a single land-cover type and having an average
extent of approximately 5 ha. Six land-cover types were considered here as potentially
suitable for pre-fire fuel treatments: forest, shrubland, grassland, agroforestry and mixed
agricultural-natural areas. A maximum project area of 50 ha was considered.
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The total number of potentially suitable treatment units was 27,440 and 8597 for
Castelo de Bode and Odelouca, respectively. For each treatment unit, we calculated the
average soil loss from the ensemble (Section 2.4). ForSys was then applied with the aim
of maximizing the reduction in soil loss for the two different fuel scenarios (Section 2.3)
together, giving a weight of 2/3 to the 2023 scenario and 1/3 to the 2030 scenario. These
weights were chosen to mimic that short-term management goals often take prevalence
over medium-term goals. Finally, ForSys was applied for six management scenarios that
contrasted in the extent of the pre-fire fuel treatments, covering 0%, 5%, 10%, 20%, 30% and
40% of the landscape. As a result, the total extent of the fuel treatment differed markedly
between the two study watersheds and, within each watershed, between the six scenarios
(Table A3).

We assumed that pre-fire fuel treatments would need to be repeated, on average,
every five years. This was based on the current management practices in planted forests in
Portugal [66], and on the intervals typically referred in prescribed burning plans in Portugal.
For simplicity, we assumed that in the treatment areas the original fuel models were
changed to reflect average fuel conditions representative of the five-year period (Table A4).
The fire spread simulations (Section 2.3) were run with the same exact inputs, except for
the modified fuel model map, and soil loss was estimated. These simulations were added
to the wildfire and soil loss simulation ensembles described in Sections 2.3 and 2.4.

Fuel treatment costs were defined based on published reference values for 2022 [67],
which cover a range of techniques such as prescribed burning, manual cutting and the use
of heavy machinery. The cost values only distinguished two slope classes (<5%, >25%), so
the average values were used here for the intermediate slope class (5%–25%). The final
costs for a specific treatment scenario were then estimated as the weighted average across
the different techniques for each slope class (Table A5). It is worth stressing that the cost
values suffer from considerable uncertainty, therefore, the costs presented here should be
considered as merely indicative.

2.5.2. Reactive Soil Loss Treatments (Post-Fire)

To reproduce the impact of post-fire erosion control treatments on soil loss, we sim-
ulated 500 independent fire seasons (equivalent to 500 years). This step was necessary
to mimic the operational application of post-fire treatments following the occurrence of
wildfires. For each fire season, a value for the annual burned area was randomly sampled
from the historical values of the study catchment over the 2000–2022 period. Soil loss
estimates for each simulated wildfire were then randomly sampled from the ensemble
until the sum of their burnt areas equaled the afore-said annual burnt area. This sampling
was constrained to avoid “new” simulated fires overlapping with previously selected
burned areas within the same fire season. Finally, the soil loss for a specific fire season was
estimated by aggregating the soil losses of all of the season’s individual simulated fires.

In line with the guidelines of the Portuguese Wildfire National Action Plan [29],
only burnt areas exceeding 500 ha were considered as candidates for post-fire treatment.
ForSys was again used to identify the optimal treatment locations that maximized soil loss
reduction, using 50 ha as maximum area for the individual projects. The same treatment
units and the same six management scenarios (i.e., treatment extents) were considered
as for the pre-fire treatments. The treatment extents referred to the percentage of annual
burned area treated, thus the total area treated depended on the burned area of each specific
post-fire season (see example in Table A6).

Two of the main types of erosion mitigation treatments were considered in this study,
i.e., cover- and barrier-based treatments since the meta-analysis of Girona-García et al. [24]
showed these are more effective than seeding- and chemical-based treatments. More
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specifically, wood mulching and contour log felling were considered for the forest land-
cover types, thereby giving preference to ecosystem-specific or local materials. Straw
mulching was considered for the other, non-forest land-cover types, because of the reduced
availability of ecosystem-specific or local materials on the one hand, and the widespread
use of straw mulch in operational emergency stabilization in the USA [21,22] and Spain
(Galicia) [23]. The effectiveness of the treatments in reducing post-fire soil loss was derived
from Girona-García et al. [24], while the associated costs were extracted from Girona-García
et al. [26] (Table 2).

Table 2. Assumed soil loss effectiveness (%) and associated costs (EUR ha−1) of the post-fire soil loss
mitigation treatments. The minimum and maximum costs are displayed in brackets. Treatment costs
were extracted from Girona-García et al. [26].

Non-Forest Forest

Slope Effectiveness (%) Cost (EUR ha−1) Effectiveness (%) Cost (EUR ha−1)

5%–25% 63 2350 67 2491 (846–4136)
>25% 86 2726 71 2961 (1034–4888)

2.5.3. Quantifying the Impact of Pre- and Post-Fire Treatments

To quantify the impacts of pre- and post-fire mitigation strategies, soil loss was es-
timated for a total of 36 scenarios. Each scenario comprises one of the six pre-fire fuel
treatment extents (Section 2.5.1) and one of the six post-fire treatment extents (Section 2.5.2).
These include the no-treatment scenario. The annual soil loss for each scenario was then
computed as the sum of the soil loss across all treatment units of the watershed (t ha−1 yr−1),
for each fire season. Considering all 500 fire seasons, we calculated the average annual
soil loss, as well as the annual soil loss for extreme years defined as those exceeding the
percentile 95. Note that, the average annual soil loss corresponds to an average in space,
considering the entire watershed area, and in time, considering all fire seasons. Exceedance
probabilities were computed and plotted to estimate the probability of a certain annual soil
loss value being exceeded in the future [68].

The effect of treatments in soil loss reduction was defined as the difference between
soil loss estimates for a given treatment scenario and the no-treatment scenario. To allow
comparisons between watersheds and fuel scenarios (i.e., 2023 vs. 2030, see Section 2.3), we
normalized soil loss reduction dividing it by the total treatable soil loss in the watershed
and expressed it in %. For indicative purposes, we also estimated the reduction in annual
soil loss (t yr−1) across the entire treatable watershed area.

Finally, we estimated the effectiveness of the two treatment strategies to reduce post-
fire soil loss using two metrics: leverage and cost-effectiveness. Leverage was estimated
as the soil loss reduction attained (i.e., the impact) per unit of treatment (i.e., the effort),
expressed in t ha−1 yr−1 [24]. On the other hand, treatment cost-effectiveness refers to the
cost per ton of soil prevented from being lost through erosion, expressed in EUR t−1 [26].
Besides analyzing the effectiveness of each mitigation strategy, we also identified the most
cost-effective combinations of pre- and post-fire treatments that lead to the attainment of
specific soil loss reduction targets at the watershed-level. Possible treatment synergies
were identified when the combination of pre- and post-fire treatments lead to an amplified
outcome that exceeded what would be expected from independent contributions.

3. Results
3.1. Effects of Wildfires on Soil Loss Without Treatments

The simulated average annual soil loss without pre- and/or post-fire treatments under
the 2023 fuel scenario amounted to 0.86 t ha−1 yr−1, and 0.26 t ha−1 yr−1 for the Castelo
de Bode and Odelouca watersheds, respectively. Under the 2030 fuel scenario, these
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figures increased by 13% and 5% for Castelo de Bode (0.98 t ha−1 yr−1) and Odelouca
(0.27 t ha−1 yr−1), respectively. Average annual soil loss was approximately 3-fold larger
for Castelo de Bode, when compared with Odelouca.

The annual soil loss was notably larger for the 5% most extreme fire seasons than the
average across all fire seasons, for both watersheds and both fuel scenarios. Under the 2023
fuel scenario, for example, the 95% percentile of soil loss corresponded to 5.88 t ha−1 yr−1

for Castelo de Bode and to 1.95 t ha−1 yr−1 for Odelouca, values 7-fold larger than average.
Under the 2023 fuel scenario, Castelo de Bode had several erosion hotspots (i.e.,

>2 t ha−1 yr−1) that were dispersed across various parts of the watershed (Figure 2a).
Considering the 2030 fuel scenario, additional hotspots were estimated in the north-eastern
part of the watershed, reflecting fuel load accumulation in areas that were recently affected
by very large wildfires (Figure A2a). Odelouca had comparatively few erosion hotspots
under both fuel scenarios, and these were limited to the western part of the watershed
(Figure 2b). Results were similar for the 2030 fuel scenario (Figure A2b). In both watersheds,
the erosion hotspots coincided with eucalypt and/or pine forest or shrublands that were
located on moderate to steep slopes (>10%) and, at the same time, were exposed to a
moderate/high wildfire recurrence.

(a) 

 

(b) 

Figure 2. Maps of the average annual soil loss for the no-treatment scenario for (a) Castelo de Bode
and (b) Odelouca watersheds.

3.2. Effects of Treatments on Soil Loss Mitigation

In both watersheds, the two mitigation strategies increasingly reduced the average
annual soil loss with increasing treatment extent. This was true for both fuel scenarios,
as shown for the 2023 scenario in Figure 3 and for the 2030 scenario in Figure A3. In the
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case of the 2023 scenario, for example, the soil loss reduction in the pre-fire treatments was
3-4-fold higher at the 40% treatment extent than at the 5% treatment extent (Castelo de
Bode: 52% vs. 14%; Odelouca: 42% vs. 11%). However, the marginal increase in soil loss
reduction decreased with increasing treatment extent.

When comparing pre- and post-fire strategies, fuel treatments lead to the largest
reduction in soil loss in both watersheds, ranging between 15% and 52% for Castelo de Bode
and 11% and 42% in Odelouca, for 5% and 40% treatment extent, respectively. It is important
to note that the annual treated area was higher for the pre-fire treatments when compared
with the post-fire treatments (see Section 3.3, Tables A3 and A6). Considering absolute
values, a 20% pre-fire treatment extent lead to an average soil reduction of 20,251 t yr−1 in
Castelo de Bode and 1655 t yr−1 in Odelouca. Fuel treatments also had indirect benefits
of reducing burned area in- and outside the treated area. For example, a 20% of fuel
treatment extent lead to 18% and 12% of burned area reduction in Castelo de Bode and
Odelouca, respectively. Post-fire treatments reduced approximately 5% to 30% soil loss
in both watersheds. Results for the 2030 fuel scenario were similar although with lower
soil loss reductions for smaller treatment extents and larger reductions for larger treatment
extents, particularly for Castelo de Bode (Figure A3).

Figure 3. The impact of pre- and post-fire treatments on soil loss reduction (%) for Castelo de Bode
and Odelouca watersheds under the 2023 fuel scenario. The soil loss reduction compared the soil loss
attained for a given treatment scenario and the no-treatment scenario.

The probability of exceeding extreme annual soil losses (defined as the 95th percentile—
Section 2.5.3) decreased considerably when implementing pre-fire fuel treatments (Figure 4—
top panel).

For Castelo de Bode, the probability of exceeding the 95% percentile of soil loss (i.e.,
5.8 t ha−1 yr−1) decreased from 0.07 to 0 when treating 10% of the watershed. Considering
lower soil loss thresholds, the probability of exceeding a soil loss larger than 2 t ha−1 yr−1

decreased by 0.02 and 0.04 for 10 and 20% pre-fire treatment extent, respectively. With
larger treatment extents, this decrease in exceedance probability shifted to lower annual
soil loss values.

For Odelouca, the patterns were similar but with smoother patterns due to the fire
regime. The probability of exceeding the 95% percentile of soil loss (i.e., 1.95 t ha−1 yr−1)
decreased from 0.045 to 0.005 when treating 10% of the watershed. The probability of
exceeding a 1.6 t ha−1 yr−1 average soil loss decreased by half when 10% of the watershed
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was treated, and to values close to 0 for larger treatment extents. The impact of post-
fire treatments on the exceedance probability was similar to pre-fire treatments, but with
smaller decreases in probability (Figure 4—bottom panel). For example, for Castelo de Bode,
the pronounced reduction in probability of exceedance started at values approximately
4 t ha−1 yr−1 for post-fire treatments, contrasting with values approximately 3 t ha−1 yr−1

regarding the pre-fire treatments.

3.3. Effectiveness of Soil Loss Mitigation Treatments

The treatment strategy with highest leverage varied among the two watersheds
(Figure 5a). Leverage decreased with treatment extent. For Castelo de Bode, pre-fire
treatments of a specific extent were 1.5- to 2-fold times more effective than post-fire treat-
ments of the same extent. The maximum leverage was attained for 5% pre-fire treatment
extent reaching ~0.12 t ha−1 yr−1. Results were similar for the 2030 fuel scenario with
slightly lower leverage for the smaller pre-fire treatment extents (Figure A4a).

 Castelo de Bode Odelouca 

Pr
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fi
re

 T
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m
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ts
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st
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ea
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ts
 

Figure 4. Exceedance probability curves considering the no-treatment scenario and three pre- and
post-fire treatment scenarios for Castelo de Bode and Odelouca watersheds. The bottom x-axis repre-
sents the average annual soil loss (t ha−1 yr−1) and the top x-axis represents the annual watershed soil
loss (kt yr−1). Note that the “average” refers to the spatial average considering the entire watershed.



Forests 2025, 16, 1202 12 of 26

 
  

(a) (b) 

Figure 5. Effectiveness of pre- and post-fire treatments on soil loss mitigation for Castelo de Bode and
Odelouca: (a) treatment leverage (t ha−1 yr−1) and (b) treatment cost-effectiveness ratio (EUR t−1).

For Odelouca, treatment leverage was 2- to -fold smaller than for Castelo de Bode and
was similar for both treatment strategies, although slightly higher for post-fire treatments.
For example, a 10% pre- or post-fire treatment had a leverage of 0.2−0.3 t ha−1 yr−1. Results
were similar for the 2030 fuel scenario (Figure A4a).

Regarding cost-effectiveness ratio, the cost per ton of reduced soil loss increased with
treatment extent for both watersheds. The most cost-effective strategy depended on the
watershed (Figure 5b). The cost-effectiveness ratio was 2- to 3-fold lower in Castelo de Bode
when compared with Odelouca. For Castelo de Bode, the most cost-effective strategy was
pre-fire fuel treatments, whereas post-fire treatments had an additional cost of ~50 EUR t−1,
regardless of treatment extent. On the other hand, for Odelouca the most cost-effective
strategy was post-fire treatments for extents larger than 10%. The cost difference between
pre- and post-fire treatment increased with treatment extent, varying from 0 EUR t−1 for
the 5% treatment extent (i.e., the same cost-effectiveness) to almost 100 EUR t−1 for the
40% treatment extent. Results for both watersheds were similar for the 2030 fuel scenario
(Figure A4b), except for the lower treatment extents (5 and 10%).

Figure 6 shows that the annual variation in the treatment cost-effectiveness ratio was
considerably large, contrasting with the average values presented in the analysis above
(Figure 5b). For both study areas, variability was much higher for years with lower annual
soil loss and decreased significantly with increasing annual soil loss, that in turn was
driven by the increase in annual burned area. Pre-fire treatments had cost-effectiveness
ratios higher than post-fire treatments for lower annual soil loss, especially for Castelo de
Bode (Figure 6a). With increasing annual soil loss, the cost-effectiveness ratio of pre-fire
treatments decreased and reached values lower than the ones for post-fire treatments. The
annual soil loss value where this “cross-over” occurs depended on the study area.
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(a) (b) 

Figure 6. Distribution of the annual cost-effectiveness ratio (EUR t−1) against the annual soil loss
(t ha−1) for 20% pre- and 20% post-fire treatment extents: (a) Castelo de Bode; (b) Odelouca. Each
point represents a simulated year (or fire season).

3.4. Potential Synergies Among Different Treatment Strategies

The most cost-effective combination of pre- and post-fire treatment extents varied
with the soil loss reduction target and the watershed (Figure 7). For Castelo de Bode, the
most cost-effective solutions included combinations of low post-fire treatment extents (up
to 10% of treated burned area) with increasing pre-fire treatment extents that ranged from
0 to 30% (Figure 7). For example, to reduce 30% of post-fire soil loss at the watershed level,
the most cost-effective solution (70 EUR t−1) resulted from combining 10% pre- and 10%
post-fire treatment extent. Achieving higher reductions in a cost-effective way required
higher pre-fire treatment extents. Cost-effectiveness ratios ranged from 40 to 100 EUR t−1,
increasing moderately with increasing reduction targets. There were two notable exceptions
for the 5 and 10% reduction goals, which result from caveats due to the small number of
treatment extents considered. The results regarding the 2030 fuel scenario show a different
pattern as the cost-effectiveness ratios tended to generally decrease with increasing soil
reduction objectives, due to the increase in soil loss compared with the 2023 fuel scenario
(Figure A5a).

For Odelouca, the most cost-effective combinations resulted from relatively low pre-
fire treatment extents (mostly between 0 and 10%) and high post-fire treatment extents that
increase with soil loss reduction goals (Figure 7b). The most ambitious reduction targets
are all associated with post-fire treatment extents larger than 30%. Cost-effectiveness ratios
range from 160 to 300 EUR t−1, increasing sharply with increasing soil reduction objectives.
Compared with Castelo Bode, not only is the increase significantly steeper, as well as the
cost-effectiveness ratios are considerably higher (2 to 3 fold). The results regarding the 2030
fuel scenario are similar; however, the cost-effectiveness ratios are slightly smaller due to
the slight increase in soil loss (Figure A5b).

A synergistic effect occurs when the combination of pre- and post-fire treatments leads
to an amplified outcome that exceeds what would be expected from their independent
contributions. Thus, the most cost-effective solutions shown in Figure 7 that are not
associated with a 0% pre- (i.e., down-pointing triangles) or post-fire (dark blue) treatment
extent, represent a synergy. For Castelo de Bode, the synergist effect was low as most
reduction targets were attained for 0% pre or post-fire treatment extent. However, the 30%
reduction target was best achieved by combining 10% pre- and post-fire treatment extents,
for example. For Odelouca, the synergistic effect was considerably higher than Castelo
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de Bode. The attainment of soil loss reduction targets larger than 10% was always best
achieved by combining varying extents of both pre- and post-fire treatment strategies.

(a) 

(b) 

Figure 7. The cost-effectiveness ratio (EUR t−1) for each soil loss reduction (%) target considering the
most cost-effective combinations of treatment strategies: (a) Castelo de Bode and (b) Odelouca. The
different marker shapes represent different pre-fire treatment extents. The different marker colors
represent different post-fire treatment extents.

Figure 8 compares the exceedance probability curves of the no-treatment scenario
with the most cost-effective combination of pre- and post-fire treatments that lead to the
attainment of specific soil reduction targets at the watershed level. For Castelo de Bode, the
combinations of treatments allowed up to a 0.04 reduction in the probability of exceeding
a 2 t ha−1 yr−1 soil loss (Figure 8a). Effects were more significant for the highest annual
soil loss values. For example, in the no-treatment scenario, the 0.05 exceedance probability
was associated with an average loss of ~6 t ha−1 yr−1, that decreased progressively to less
than 4 t ha−1 yr−1 with increasing reduction objectives. For Odelouca, the combinations of
treatments allowed up to a 0.06 reduction in the probability of exceeding a 0.6 t ha−1 yr−1

soil loss (Figure 8b). Similar to Castelo de Bode, effects were more pronounced for the
highest annual soil loss values. For example, the 0.05 exceedance probability was associated
with an annual loss of 1.9 t ha−1 yr−1 (no-treatment scenario) that decreased progressively
to approximately 1.1 t ha−1 yr−1 with increasing reduction objectives.
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(a) (b) 

Figure 8. Exceedance probability curves considering the no-treatment scenario and the most cost-
effective combinations of treatment strategies targeting 10%, 20%, 30% and 40% soil loss reductions
for (a) Castelo de Bode and (b) Odelouca watersheds. Results are shown for the 2023 fuel scenario.
Note that the “average” refers to the spatial average considering the entire watershed.

4. Discussion
4.1. Effects of Wildfires on Soil Loss

We estimated the annual wildfire-induced soil loss for two watersheds in Portugal with
different landscape and fire regime characteristics. Results showed that average annual soil
loss was approximately 3-fold higher in Castelo de Bode when compared with Odelouca
owing to the much higher frequency of large and severe wildfires in the former watershed.
For example, in the last 20 years 10 wildfires larger than 1000 ha affected the Castelo de
Bode watershed, while only 3 affected Odelouca in the same period [37]. Following the
occurrence of recent large wildfires, fuel load is expected to increase in the next years. We
estimate this will increase the average annual soil loss by 13% and 5% for Castelo de Bode
(0.98 t ha−1 yr−1) and Odelouca (0.27 t ha−1 yr−1), respectively. The increase is expected
to be larger in Castelo de Bode due to the occurrence of very large wildfires in 2019 and
2020 [37]. While the average annual soil loss estimate provides a useful summary metric,
it may mask the influence of extreme years (defined as the percentile 95) where annual
soil loss could be as much as 7-fold higher than average. These large differences were
determined by fire regime, in particular the occurrence of a few years with very large
burned extent. Consequently, reliance on mean values alone can lead to oversimplified
interpretations, and results should be interpreted with caution. These nuances need to be
carefully considered by managers when making watershed-level decisions.

Our average annual post-fire soil loss estimates were within [7,69,70] and/or be-
low [71,72] the values reported for Mediterranean areas. The work of Parente et al. [72]
implemented a different soil erosion model and highlighted the uncertainties caused by
rainfall datasets. Vieira et al. [71] used satellite-derived data, including burn severity
indices, to estimate post-fire erosion following the 2017 fire season. Both works suggest
much higher soil loss values for central Portugal than the ones estimated here, especially
for extreme years.

4.2. Impact of Soil Loss Mitigation Strategies

Our results showed that, separately, both pre- and post-fire strategies can significantly
reduce post-fire soil loss, with effects increasing with treatment extent. Considering a
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benchmark of 20% pre-fire treatment extent [73], average annual soil loss would be reduced
by 28%–35%, depending on the watershed. Thus, implementing pre-fire fuel treatments
can have a strong soil loss mitigation effect particularly in extreme years, significantly
reducing the probability of exceeding very high average annual soil losses. Considering
that a small number of fire seasons account for a very large fraction of total soil loss, our
results show that land managers should consider targeted fuel treatments as an important
tool to prevent extreme post-fire soil loss.

The most effective soil loss mitigation strategy varied among the two watersheds.
Results clearly indicated that there is no single mitigation strategy that fits all watersheds,
and the choice is largely influenced by fire regime. For Castelo de Bode, pre-fire fuel
treatments were the most effective strategy, and pre-fire treatment leverage was about
approximately 2-fold higher than post-fire treatments. Fuel treatments were also the most
cost-effective strategy, being approximately 2-fold less expensive than post-fire treatments.
For Odelouca, leverage was similar for both strategies, but post-fire treatments were in
general more cost-effective than fuel treatments. Differences in treatment effectiveness
between watersheds depended on the frequency of large and severe wildfires, which was
significantly higher in Castelo de Bode. One important observation was that soil loss
mitigation, in general, was more effective for Castelo de Bode than Odelouca, particularly
in the case of pre-fire fuel treatments. This was mainly due to the afore-mentioned fire
regime and its impact on soil loss. Furthermore, effectiveness depends on the balance
between treatment frequency and the frequency of large severe wildfires. In practice, fuel
treatment frequency can be adjusted for each watershed depending on fire frequency and
treatment objectives, potentially increasing treatment effectiveness, although this topic
warrants further investigation.

Decomposing the analysis into an annual scale showed a considerably large variability
of the cost-effectiveness ratio for years with low soil loss and burned area. This variability
decreased significantly with increasing annual soil loss. This can be partially explained by
the fuel treatment location, optimized to reduce multi-year soil loss hotspots, and by the
minimum fire size of 500 ha for post-fire treatments. The higher cost-effectiveness ratio
for pre-fire treatments for lower annual soil loss can be explained by the lower probability
of wildfires overlapping fuel treatments in milder years. Nevertheless, it is interesting to
note that pre-fire treatments can be the most cost-effective solution to mitigate soil loss in
extreme years, even in cases where it is not the most cost-effective strategy at an average-
level. The differences between the analyses performed at average and annual levels are
mostly due to the probability of occurrence large and severe wildfires, thus fire regime.

Treatment strategies can be combined in varying configurations and spatial extents to
achieve targeted soil loss reduction goals while adhering to budgetary constraints. Our
results show that the most cost-effective combinations of treatment strategies vary with the
soil loss reduction objective and the frequency of large and severe wildfires in the watershed.
For Castelo de Bode, fuel treatments were in general more relevant to achieve watershed-
level targets in the most cost-effective way. In contrast, for Odelouca the post-fire treatments
were generally more cost-effective. The synergistic effects from combining strategies were
much higher for Odelouca than Castelo de Bode, particularly for soil loss reduction targets
larger than 10%. In addition to the synergistic effects, implementing fuel treatments had co-
benefits that include the decrease in burned area, further contributing to reduce the threat
of ecosystem service provision [12]. For example, a 20% of fuel treatment extent can reduce
18% and 12% of burned area in Castelo de Bode and Odelouca, respectively. Land managers
can combine different strategies to maximize the attainment of soil loss mitigation goals and
different methods/techniques to modulate intervention cost and effectiveness, ensuring
the best use of resources. Coupling fire and erosion modelling, along with optimization



Forests 2025, 16, 1202 17 of 26

procedures based on clear management goals can support better planning at the watershed
levels following the good examples presented by Buckley et al. [74].

4.3. Limitations

We applied the RUSLE that assumes long-term average conditions, which may not
apply to short-term extreme post-fire erosion dynamics [6]. Although there are more
sophisticated models that could be applied [75–77], the RUSLE has proven to be reasonably
accurate and suitable for risk analysis in Mediterranean areas [58,59]. We acknowledge
that improvements need to be made to better model burn severity. We used a very simple
relation between flame length and burn severity with known limitations [12], that could for
example underestimate the effect of extremely intense wildfires on soil burn severity, and
thereby, soil loss.

We acknowledge several important limitations in this study related to the assumed
effect of fuel treatments on soil loss. If performed under correct technical conditions, the
increase in wildfire-induced soil loss can be considered negligible when compared with
wildfires [12,15]. More importantly, the approach used here to sample annual burned
area for each fire season has important limitations. The samples corresponded to a short
period (2000–2022), so that the variability in total simulated annual burned extent was
small. Nevertheless, this period included the years with highest annual burned area extent
ever recorded in Portugal (2003, 2005 and 2017). Furthermore, it did not include any link
with, for example, weather conditions. As a result, the occurrence of an unprecedented
fire season cannot be simulated and future work should aim to improve this limitation, for
example to include potential climate change impacts.

We attempted to replicate real-world implementation of preventive and post-fire
treatments at the watershed level. Nevertheless, uncertainties are large and can potentially
affect the main results and key messages for land managers. Operational constraints (e.g.,
funding, availability of residues for mulching) can significantly alter the frequency and
extent of treatments. The uncertainties regarding treatment costs are very large and can
hamper the cost-effectiveness analysis. We used fuel treatments costs that are published
regularly by a dedicated national commission, but have clear limitations. Treatment cost
variability is very high. For example, the cost of fuel treatments in areas with steep slopes
(>25%) is on average 657 EUR ha−1, but varies between 378 and 1334 EUR ha−1 [67].
Regarding post-fire interventions, the costs in operational settings are poorly defined for
Portugal. We assumed that the treatment costs in forested areas ranged between 1034
and 4888 EUR ha−1, following Girona-García et al. [24]. Overall, these large uncertainties
highlight the extreme importance of gathering and recording reliable information about
not only the costs of treatments but also their impacts on soil loss, especially in the case
of Portugal. One important aspect is that we did not analyze if fuel treatment costs are
justified by the benefits of decreasing burn probability and/or lower severity. Further work
is needed to provide this important piece of information to land managers [74].

5. Conclusions
Watersheds that are highly exposed to large and severe wildfires have significant risks

of increased surface runoff, erosion and soil loss. Pre-fire fuel treatments and post-fire
control measures are two complementary strategies that land managers can use to mitigate
post-fire soil loss. Here, we showed that both strategies can significantly contribute to
the reduction in post-fire soil and that their effect depends on treatment type and extent.
Especially relevant was that the probability of exceeding very large annual soil losses, due
to extreme fire years, decreased considerably when implementing pre-fire fuel treatments.
The results showed that there is no single mitigation strategy that fits all watersheds, and



Forests 2025, 16, 1202 18 of 26

the choice is largely influenced by fire regime. Preventive fuel treatments were more
effective in Castelo de Bode, while post-fire treatments were more effective in Odelouca due
to differences in fire regime and treatment frequency. Effectiveness had a large interannual
variability and results suggested that pre-fire treatments were more cost-effective in years
with very high soil loss. Combinations of treatment strategies with variable spatial coverage
can be optimized, exploiting synergies to meet specific soil erosion reduction targets within
predefined budgetary limitations. Finally, it is important to mention that the relation
between fire regime and the effectiveness of different mitigation strategies on soil loss needs
further investigation to support generalizations. Further work is necessary to quantify
treatment effectiveness in watersheds with different characteristics regarding land cover,
slope and fuel type/load, and also in terms of fire regime.
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Table A1. C-factor values according to each land cover compiled from several works [58–60,78].

Land Cover Burn Severity C-Factor

Agroforestry, agriculture
and forests

Unburned 0.002
Low 0.066

Medium 0.135
High 0.224

Shrubs and humid areas

Unburned 0.001
Low 0.066

Medium 0.135
High 0.224

Sparse vegetation
Unburned 0.286

Low 0.314
Medium 0.707

High 2.653
Pastures and grasslands Unburned 0.103

Low 0.232
Medium 0.521

High 1.953
Urban Unburned 0.000
Water Unburned 0.001

Table A2. P-factor values according to each land-cover class according to Panagos et al. [79,80].

Land Cover P-Factor
Agriculture, agroforestry and pastures 0.5

Forest, humid areas and shrubs 1
Sparse vegetation 0.8

Bare soil and urban areas 0

Table A3. Total fuel treatment extent (ha) and average annual fuel treatment extent (in brackets) per
pre-fire scenario and study area.

Extent (ha)
% of the Watershed

Treated Castelo de Bode Odelouca

5 5750 (1150) 1900 (380)
10 11,500 (2300) 3750 (750)
20 23,000 (4600) 7500 (1500)
30 34,400 (6880) 11,300 (2260)
40 45,850 (9170) 15,000 (3000)

Table A4. Fuel assignments for main land-cover classes: prior and posterior to fuel treatments. Fuel
models typology defined by Fernandes et al. [52].

Fuel Model

Land Cover Prior to Fuel Treatment Posterior to Fuel Treatment

Pine forest Litter from medium- to long-needle conifers with a shrub understory
(M-PIN, 227) or medium- to long-needle conifer litter (F-PIN)

Pine forest litter (F-PIN, 213)

Eucalypt forest Eucalypt litter and a shrub understory (M-EUC, 223), or eucalypt litter
(F-EUC, 211)

Harrowed eucalypt stands with litter
(M-EUCd, 224)

Other broadleaf forest Evergreen sclerophyllous hardwood litter and understory shrubs
(M-ESC, 222), deciduous litter and a shrub understory (M-CAD, 221)

Litter of deciduous or evergreen hardwoods
(F-FOL, 212)

Other needleleaf
forest

Litter from medium- to long-needle conifers with a shrub understory
(M-PIN, 227) or medium- to long-needle conifer litter (F-PIN)

Medium- to long-needle conifer litter (F-PIN)

Shrublands Short or tall Mediterranean/Atlantic shrub vegetation (V-MAa, 233;
V-MAb, 234; V-MMa, 236); V-MMb, 237); Sparse herbs and shrubs

(V-MH, 235)

Sparse herbs and shrubs (V-MH, 235)

Grasslands Tall (V-Ha, 231) or short herbs (V-Hb, 232) Sparse herbs and shrubs (V-MH, 235)
Agroforestry Evergreen sclerophyllous hardwood litter and understory shrubs

(M-ESC, 222)
Sparse herbs and shrubs (V-MH, 235)



Forests 2025, 16, 1202 20 of 26

Table A5. Fuel treatment costs (EUR ha−1) for three slope classes [67].Average costs are shown, along
with minimum and maximum values (inside brackets).

Slope Cost (EUR ha−1)

<5% 253 (143–445)
5%–25% 455 (260–890)

>25% 657 (378–1334)

Table A6. Average annual post-fire treatment extent (ha) per post-fire scenario and study area. The
values are associated with the no pre-fire treatment scenario.

Extent (ha)

% of the Burned Area Treated Castelo de Bode Odelouca

5 211 37
10 414 68
20 815 130
30 1209 192
40 1596 252

(a) 

(b) 

Figure A1. Fire frequency (1975–2023) for the (a) Castelo de Bode and (b) Odelouca watersheds.

Appendix B
This appendix presents additional elements associated with Section 3.
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(a) 

(b) 

Figure A2. Maps of the average annual soil loss for the no-treatment scenario for (a) Castelo de Bode
and (b) Odelouca watersheds, using the 2030 fuel scenario.

Figure A3. The impact of pre- and post-fire treatments on soil loss reduction (%) for Castelo de Bode
and Odelouca watersheds under the 2030 fuel scenario. The soil loss reduction compared the soil loss
attained for a given treatment scenario and the no-treatment scenario.
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(a) (b) 

Figure A4. Effectiveness of pre- and post-fire treatments on soil loss mitigation for Castelo de Bode
and Odelouca: (a) treatment leverage (t ha−1 yr−1) and (b) treatment cost-effectiveness (€ t−1).
Results are shown for the 2030 fuel scenario.

(a) 

 

(b) 

Figure A5. The cost-effectiveness ratio (EUR t−1) for each soil loss reduction (%) target considering
the most cost-effective combinations of treatment strategies under the 2030 fuel scenario: (a) Castelo
de Bode and (b) Odelouca. The different marker shapes represent different pre-fire treatment extents.
The different marker colors represent different post-fire treatment extents.
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