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Preface
This thesis has been prepared towards the fulfilment of the Master’s program “International Land and
Water Management” at Wageningen University. The research and writing process for this dissertation
took place between January to July 2022. Part of the thesis’ output was presented at the
“Terraenvision” conference hosted in Utrecht in July 2022.
The objective of this thesis is to highlight key aspects of mulching treatments applied for erosion
control in burned areas and contribute towards a better understanding of how they can successfully
be implemented. My motivation to study this topic derives from my personal experiences of fireafflicted landscapes, combined with the intriguing complexity of emergency stabilization response.
The research process has been very valuable to me. Amongst other things, it gave me the opportunity
to travel to Portugal, meet experts of several disciplines, attend conferences, and visit field
experiments; all of these experienced have enriched both my academic understanding and personal
development.
I hope you enjoy your reading
Wageningen, August 2022
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Abstract
Wildfires have severe direct and indirect impacts on the hydrological and sediment processes of an
ecosystem. They are linked to events such as flash floods and droughts, while high concentrations of
sediment and contaminants often appear in streams and reservoirs near burned areas. Moreover,
erosion can lead to loss of soil organic matter and detachment of seeds and seedlings, which hinders
the affected area’s recovery. Mulching is one of the measures implemented directly after a fire to
reduce soil erosion and increase soil water retention, yet implementation has proved a challenge. The
issues faced are not related to its effectiveness for soil erosion mitigation, which has been extensively
demonstrated; but mostly to relevant socioeconomic factors such as cost and public acceptance. This
research aims to address the understanding of the different approaches and criteria used when
designing “how” and “where” mulching treatments can be applied. The chosen case study area is
situated in the West Algarve region of Southern Portugal, which has been inflicted by recurring fires.
The first step was to investigate the decision-making criteria connected to “how” to apply mulch. To
gather this information from sources with various viewpoints, eighteen experts from various
disciplines were interviewed. Twelve of those experts filled out comparison matrices about their
priorities when it comes to decision-making. The interviews and the literature review highlighted the
importance of socio-economic parameters when it comes to mulching application. The next step was
to find “where” could the treatment be placed; to achieve this, I identify three prioritization scenarios
to select target areas for mulching treatment. The scenarios were based on existing protocols, input
from the interviewees, and the information that is available for the area. The first scenario considers
the net potential erosion level of burnt soils calculated using the Revised Universal Soil Loss Equation
(RUSLE). The second scenario is focusing on the protection of water bodies from sedimentation. This
scenario was based on the sediment export from hillslopes that reach the water bodies. The models
employed to achieve that are Sediment Connectivity Index and RUSLE. The third scenario is focusing
on the protection of important road infrastructure. The method is the same as the one of the second
scenario, with different targets. Thresholds of 1 and 10 Mg ha-1 yr-1 were used for all three scenarios.
The simulations were carried out using ArcGIS Pro 2.4.0 and the characteristics of the resulting areas
were systematically compared with each other. The models used can be useful for land managers to
assess how their priorities are linked with the practical issues of emergency stabilization.
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1. Introduction
1.1.

Wildfires in Portugal: (some) statistics, causes and implications

The frequency and severity of wildfires are increasing worldwide (Jeuland et al., 2013), including in
colder regions. Rural areas in Portugal are no exception. Wildfires have devastated the region,
affecting around 110,000 ha between the years 1980 and 2010 (Prats et al., 2012). This is equivalent
to 60% of the country’s forested land (Pereira et al., 2013). Most notably, in short periods during
2003, 2005, and 2017, wildfires were so severe that Portugal’s fire protection system was
overwhelmed (Beighley & Hyde, 2018). In 2017, 718,000 ha were affected in the Iberian Peninsula
alone, with 121 fatalities recorded (Calheiros et al., 2020).
This phenomenon is caused by a combination of factors. Firstly, increasingly erratic seasonal climate
variations and severe weather events contribute to destructive wildfires developing (Calheiros et al.,
2020; Pereira et al., 2013; Turco et al., 2019). These patterns are only expected to worsen in the future,
therefore wildfires are likely to appear even more regularly. Other factors originate from land-use
trends: the increasing rate of land abandonment and the preference for fire-prone tree plantations
(Marques et al., 2011; Martins et al., 2020; Prats et al., 2012) exacerbate the risk of forest fires
spreading. Historically, Portugal’s agricultural areas have consisted of a diverse mosaic of land uses
with less flammable patches of vegetation. This has now given way to highly flammable tree stands or
invasive shrubs (Beighley & Hyde, 2018).
Wildfires have an undeniably devastating effect on nature and human society. Furthermore, due to
the loss of vegetation and subsequent changes in soil characteristics such as aggregate stability or
water repellency, fire plays a detrimental role in a system’s hydrological properties. Soil infiltration
and water retention capacity in burned areas are severely diminished, rendering the landscapes
susceptible to excessive water run-off, soil erosion, and ash transport. Burnt areas are linked to events
such as flash floods and droughts, while in local streams and reservoirs high concentrations of
sediment and contaminants appear (Gould et al., 2016). Moreover, erosion leads to loss of soil organic
matter and detachment of seeds and seedlings, which hinders the affected area’s recovery (Shakesby,
2011).

1.2.

Research on post-fire management practices

The changing fire regimes described above have attracted research attention, with many experts
active in the Iberian Peninsula (Lopes et al., 2021). Research on fire prevention, post-fire restoration,
and immediate protection techniques create the basis for fact-based, appropriately planned fire
management practices.
Post-fire management practices can be defined as human endeavors to amend the ecological
functions of a fire-affected landscape (López-Vicente et al., 2020). Those groups of practices can be
categorized in various ways according to their temporal perspective (long-term or short-term) or their
specific focus (e.g., protection of water quality, increasing biodiversity, etc.). Emergency stabilization
practices, on which this research focuses, refer to measures implemented soon after the fire to
minimize post-fire soil erosion or alleviate its off-site impacts. These practices aim to protect human
health and safety, and prevent pollution to water resources as well as further infrastructural damage
(J. P. Nunes et al., 2020; Robichaud et al., 2010). Measures commonly applied are mulching, log
erosion barriers, contour felled log debris, seeding of hillslopes with grass, and check-dams in the
streams (González-Romero et al., 2021; Robichaud et al., 2010).
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A meta-analysis on the effectiveness of post-fire soil erosion mitigation treatments showed that 40%
of the available scientific documentations were conducted in fields in Spain or Portugal (Girona-García
et al., 2021). It is important to note, however, that most of the field experiments were conducted in
plots, which are confined areas that range from 1 m2 to 510 m2. (Girona-García et al., 2021; Shakesby
et al., 2016; Shakesby & Doerr, 2006). In addition, many general studies on the effect of wildfires on
hydrology and erosion in the Mediterranean address the issue at plot or hillslope level (Wu, Baartman,
and Nunes 2021). It is therefore evident that there is a knowledge gap on erosion mitigation beyond
hillslope level. As a result, established methodologies linking plot to catchment scale are scarce and
there is a lack of holistic system-level analysis (Girona-García et al., 2021). Uncertainty therefore
remains about landscape level dynamics as well as off-site impacts of fire.
Beyond scientific knowledge gaps, challenges remain in implementing appropriate measures quickly
enough (before the first major precipitation event) , because of lack of stakeholder familiarity with
recent scientific advances. Landowners and forest managers are often skeptical about the profitability
and effectiveness of suggested measures (Girona-García et al., 2021). Combined with the prevalence
of private property in the Portuguese land governance regime this impedes the bureaucratic and
logistical processes needed for successful implementation. The European Agricultural Fund for Rural
Development has funded post-fire erosion mitigation treatments, yet these are typically implemented
after the first hydrological year (EAFRD, 2020; Girona-García et al., 2021; Ribeiro et al., 2020).
Considering the economic aspects of mulching may help to explain why this occurs. Studies show that
the biophysical effectiveness of erosion control measures is well understood, especially in
Northwestern Portugal. However, there are a lack of studies that calculate the cost-efficiency of
different measures in relation to the hydrological services they provide. This knowledge gap is an
obstacle to effective science-policy communication (Pastor et al., 2019). Moreover, mulching is rarely
applied in fire-affected fields in Portugal since there is a lack of expertise on its application and costs
(Lopes et al., 2020). It is difficult to make estimates of the appropriateness of each practice, especially
with the urgency needed in post-fire management efforts.
These gaps ultimately create difficulties in planning forest restoration measures. Multiple efforts have
been made to address the arising complexities, but there is still a long way to go on priority area
identification and examining the tradeoffs between alternative techniques (Gonçalves et al., 2011;
Vieira et al., 2018; Vogler et al., 2015). This defines one goal we should focus more in the future: to
support efforts to bridge the gaps between different kinds of knowledge and practice. To achieve this,
it is essential to look into the socioeconomic aspect of mulching. It is important, for example, to know
how to address the public’s perspective, apply local and expert knowledge, and nourish community
engagement (Prats, Sierra-Abraín, et al., 2021; Rodríguez-Carreras et al., 2020; USDA Forest Service,
2006).

1.3.

Research questions

The aim of this research is twofold; firstly, to investigate how multiple criteria can be combined to
design effective post-fire interventions according to different viewpoints on emergency stabilization.
Secondly, to contribute towards the understanding of the differences and similarities between
different potential spatial prioritization systems.
This research focuses specifically on the practice of mulching as a soil stabilization technique. This
seems to be a narrow focus, considering the range of post-fire emergency responses typically
implemented. However mulching has proved to be one of the most effective treatments against
erosion under multiple environmental conditions (Fernández et al., 2016). Furthermore, post-fire

11
mulching can take various forms, since it can be carried out with a broad diversity of materials, such
as forest residues, wood chips, straw, biochar, hydromulch, etc., and with variable application
schemes such as strips/continuous, or dense/thin mulch application rates (Keizer et al., 2018; Prats,
Merino, et al., 2021; Vieira et al., 2018).
Following on from this, the research questions and sub-questions are formulated as follows:
Main Research Question 1 (MR1): How can different biophysical and socioeconomic criteria shape
mulching application techniques in burnt areas in West Algarve?
•
•

Sub-Research Question 1 (SRQ1): Which biophysical and socioeconomic criteria are
appropriate to define how to implement mulching treatments?
Sub-Research Question 2 (SRQ2): What are the potential similarities and differences between
the outcomes of different methodologies of deciding where to place mulching?

It should be noted that SRQ1 addresses “how” a mulching technique should be applied (related to
material, equipment, involvement of agents, alleviation of negative effects, cost-effectiveness etc.).
Addressing that question will help us to have a more holistic picture of the decision-making process
and understand the obstacles that arise during planning and implementation. SRQ2 addresses
“where” mulch should be placed. Naturally, these two aspects are intertwined; for example, the
technique is relevant to accessibility, extent, and geomorphology of the application area. Conversely,
the targeted (or prioritized) area is dependent on the availability of resources, technical and social
capacity, etc.

1.4.

Case study area

The case study area covers the region of the Sierra of Monchique and its surroundings, situated in the
West Algarve region of Southern Portugal. The Atlantic ocean is 20-30 km away to the south and west,
and thus the area’s climate is influenced by oceanic winds (Nunes et al., 2016; Renature Monchique Society for Ecological Restoration, 2021). Overall, the climate can be characterized as Mediterranean,
which means mild winters and dry summers. Due to the marine climatic influence and the area’s
orography (the highest altitude being 900 m), the area has larger amounts of rainfall than its
surroundings (approximately 850 mm/year) with occasional strong showers in the summer (Renature
Monchique - Society for Ecological Restoration, 2021). This climate creates a broad hydrographical
network of surface torrential streams (Carvalho et al., 2018).
Due to the combination of climate types, the ecosystems of the Monchique mountains are unique,
with heathlands being the most dominant habitat. Moreover, ‘Serra de Monchique’ has been
designated as a Special Area of Conservation within the Natura 2000 network (Mitchell et al., 2009).
However, these rich endemic habitats were harmed by industrial agriculture that has been replacing
subsistence agriculture since the 1930s. Farmers that practiced traditional agricultural techniques,
having small sheep or goat herds, etc., abandoned these economic activities. They either moved to
nearby cities or engaged in large-scale agriculture in the plains. From the 1950s onwards the thriving
pulp and paper industry lead the landowners towards eucalyptus (Eucalyptus globulus) and pine (Pinus
pinaster) monocultures (A. Nunes et al., 2016).
The most severe wildfires occurred in the area in 2003 and 2018. In August and September of 2003,
three wildfire events damaged approximately 66.000 ha of land in Monchique and other surrounding
municipalities (Figure 1). In 2018 another severe wildfire event burnt 27,000 ha of forest and
shrubland (ICNF, 2018).
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For the modelling exercise that constitutes the second part of this research, a specific case study
area was delineated, based on the areas affected by the fire events of 2003 (see chapter 2.2).

Figure 1: Location of the areas in Monchique affected by the 2003 fires.
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2. Materials and Methods
The following section is an overview of the steps I took to complete this research. The first section
(2.1) introduces the exploratory interviews that I conducted and the comparison matrices which the
interviewees filled in. I followed these methods to answer Sub-Research Question 1 and to identify
the next steps. Those are taken to answer Sub-Research Question 2. They are explained in the second
section (2.2), which focuses on the GIS based models that allowed me to delineate priority areas for
restoration.
Overall, the proposed structure for this research can be illustrated as follows (Figure 2).

Figure 2: Project diagram

2.1.

Interviews with experts

2.1.1. Discussion and criteria tables
Interviewing experts is an established method for gathering different views on a specific subject. My
aim was to contact people that are knowledgeable in the field of post-fire management, but at the
same time belong to different disciplines and have different geographical expertise. Participants were
identified through snowball sampling (Tongco, 2007), because of the numerous contacts they would
be able to provide and introduce me to
Each interview script was unique, since my questions were adapted to the nature of the participant’s
experience (DeJonckheere & Vaughn, 2019). Despite this high degree of flexibility, I had prepared a
sequence of topics beforehand, which served as a guide of open-ended questions. These topics are
presented below briefly:
Topic: Differences between mulching and other emergency stabilization techniques.
1. Area prioritization issues. E.g., Which are the factors to be considered first/second/etc. when
deciding which area requires intervention? Which characteristics are rendering an area unsuitable
for mulch application?
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2. Conflicts that rise between stakeholders. E.g., How would the collection/processing/spreading of
mulch material interfere with other economic activities? Is mulching contradicting local cultural
ideas of how to treat fire-affected land?
3. The criteria to be taken under account when deciding “how” mulching technique could be applied.
This question is answered in two steps. Firstly, I showed the participant a table with examples of
biophysical, economic, and technical criteria (Table 1). In this table, there are empty spaces to
write comments and define potential indicators for each criterion. After discussing this table, we
went through a list of predefined criteria, classified in the same way. Those were selected after a
preliminary literature review. They are presented in Error! Reference source not found. since they
define the basis of the research. We discussed whether we could make changes to the list. In the
end of each interview, I sent the participants the two tables, alongside with the comparison matrix
presented in 2.1.2, so they can send it back to me via e-mail.
At the point that I reached thematic saturation I stopped conducting interviews and started to process
the information (DeJonckheere & Vaughn, 2019). This was done in two steps. The first step was to
write down the information collected from each participant. As the interviews were not recorded, I
noted down what was mentioned orally in a distinct section, followed by the material that was written
down by the participants in the criteria tables. These notes are presented in Annex 1. The second step
was to code the notes and triangulate the interview’s input with scientific and grey literature. I
explored literature on some criteria depending on the participants’ responses. The result is a summary
of the parameters that play a role in the decision-making process around mulching practices (as
presented in the Results section, 3.1).
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Table 1:The first criteria table as presented to the interviewees. The empty cells are for them to write comments
and define potential indicators for each criterion.
Selection criteria for post-fire
management techniques

Economic

Indicators

Cost

Material (seeds, fertilizers, mulches, wood,
stones
etc.)
Labor
Transport (of materials, equipment and
people)
Equipment of application

Time (of application completion
after fire event)

Preparation time and transport time (of
materials,
equipment,
and
people)
Time needed for application

Effectiveness

% of soil erosion decrease

Technical knowledge related to
implementation

Availability
of
trained/experienced
workforce, how much it is applied already

Technical

Biophysical

Social

Notes
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Table 2: List of predefined criteria shown to the interviewees after the discussion on Table 1.
Criteria for selection
mulching techniques

of Indicators

Economic

Cost

Technical

Time (of completion after the Preparation time and transport time (of materials,
fire)
equipment,
and
people)
Time needed for application

Biophysical

Effectiveness

% of soil erosion decrease at time of application

Biophysical

Risk of soil compaction

Whether machinery will have to go off-road for material
collection or application

Biophysical

Effects on carbon storage

Ability to protect the soil organic carbon from erosion

Biophysical

Risk of enhancing
vegetation growth

invasive Risk of containing exotic seeds

Biophysical

Risk of inhibiting
vegetation growth

desired Whether it is shown to have a negative effect on native plant
germination and growth

Biophysical

Longevity

Biophysical

Risk of
danger

-Material(seeds, fertilizers, mulches, wood, stones etc)
-Labor
-Transport (of materials, equipment and people)
-Equipment for application

Weight- decomposition rate

enhancing

wildfire Flammability of material, Amount of fuel that is incorporated
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2.1.2. Comparison matrices
Comparison matrices provide a template for pairwise comparisons. It is a method widely used as a
decision support tool (Diaz-Balteiro et al., 2009). Their purpose is to identify the relative importance
of the criteria discussed during the previous steps, in each interview. After I introduced to each
participant to the function of the matrix, I sent them the excel file that included Table 1 and Table
2Error! Reference source not found. , alongside the comparison matrix. Nine of the participants filled
in and sent the spreadsheets back to me.
In this project, the items compared are the nine predefined criteria shown in Error! Reference source
not found.. If a participant rejected one or more of those criteria, those were subtracted from the list
in the matrix this participant filled in. During the final processing of the results however, those criteria
were used: the rejected criteria of each participant were regarded as having much lower significance
than all other criteria in the matrix (and equal significance to other rejected criteria).
The first row and first column of the matrix consist of the list of criteria. The participant is asked to fill
in each cell with one option from a predefined, drop-down list which is explained as follows:

Equal:

Two elements contribute equally to the objective of optimal

Left, moderately:

I moderately favor the element written on the beginning of the row, as more
important

Top, moderarely:

I moderately favor the element written on the beginning of the column, as
more important

Left, strongly:

I very strongly favor the element written on the beginning of the row, as more
important

Top, strongly

I very strongly favor the element written on the beginning of the column, as
more important

An example of a completed comparison matrix is presented below (Error! Reference source not
found.). The answers were translated on a scale of relative importance (1-9) as indicated by Saaty
(1980). “Equal importance” is replaced by number 1 in the scale, “Moderately larger importance” by
the number 4, and “Strongly larger importance” by the number 9.
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Risk of inhibiting
desired
vegetation
growth

Longevity

Topstrongly

Leftmodera
tely

Leftmoderat
ely

Topmoderat
ely

Topmoderate
ly

Leftmoderat
ely

Leftmoderat
ely

Topstrongly

Leftmodera
tely

Leftmoderat
ely

Topmoderat
ely

Topmoderate
ly

Leftmoderat
ely

Leftmoderat
ely

Leftstrongly

Leftstrongly

Leftmoderat
ely

Leftmoderate
ly

Leftmoderat
ely

Leftstrongly

Leftmoderat
ely

Topmoderat
ely

Leftmoderate
ly

Leftmoderat
ely

Leftmoderat
ely

Topstrongly

Topmoderate
ly

Leftmoderat
ely

Topmoderat
ely

Leftmoderate
ly

Leftmoderat
ely

Leftstrongly

Equal

Topmoderat
ely

Effectiveness

Risk of enhancing
wildfire danger

Risk of enhancing
invasive
vegetation
growth

Longevity

Effects on carbon
storage

Risk of inhibiting
desired vegetation
growth

Risk
of
soil
compaction

Risk of enhancing
invasive vegetation
growth

Effectiveness

Effects on carbon
storage

Time
(of
application
completion after
fire event)

Topmodera
tely

Risk of soil
compaction

Cost

Time (of application
completion after fire
event)

Cost

Table 3: Example of filled-in comparison matrix.

Topmoderat
ely

Risk of enhancing
wildfire danger

The analysis of the pairwise comparisons was conducted according to the ‘Analytical Hierarchy
Process’ (AHP), a method developed from Saaty in 1980. Based on pairwise comparison inputs,
weights are calculated by finding the dominant right eigenvector (Goepel, 2018). I used the excel
format (version: 15.09.2018) of the free, web-based AHP online system that has been published online
(Business Performance Management Singapore). This tool allowed me to calculate the aggregated
weights of each criteria, the level of inconsistencies and group consensus as described in Goepel
(2018).
To calculate the weights of the criteria, I used the linear AHP judgement scale that was proposed by
Saaty (1980). For the calculation of the consistency ratio, I used the equation:
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𝐶𝑅= (𝜆−𝑛)/(2.7699 ∙ 𝑛−4.3513−𝑛)
Where n is the number of criteria and, λ is the dominant eigenvalue, calculated using the power
method as presented in Goepel (2018).
In order to derive the AHP group consensus indicator, the Shannon entropy and its partitioning in two
independent components (alpha and beta diversity) are used. This indicator is used to measure the
homogeneity of the answers of the participants. The consensus levels can be categorized as very low,
low, moderate, high, and very high (Goepel, 2018).

2.2.

Building prioritization scenarios

The second part of the research aims to illustrate the potential similarities and differences between
different prioritization scenarios. The content of each scenario is based on the discussion with the
experts and on literature research.
The conclusions can be summarized by a retrospection on the primary focus of post-fire stabilization
techniques. According to Robichaud et al. (2000), the original Burned Area Emergency Response1
Handbook specified the following reasons for the application of emergency post-fire stabilization
treatments: “(1) minimize the threat to life and property onsite or offsite; (2) reduce the loss of soil and
onsite productivity; (3) reduce the loss of control of water; and (4) reduce deterioration of water
quality.” The same study highlights that the most cited reasons for conducting stabilization projects
were “property, water quality, and soil productivity”. These reasons are still essential for post-fire
management, as reflected in literature, technical reports, and assessments (Foltz et al., 2008; Rego et
al., 2019; Shakesby et al., 2016; Sosa-Pérez & MacDonald, 2016; USDA Forest Service, 2022). Each of
the scenarios described in the following paragraphs (2.2.1-2.2.3) focus on one of these central
priorities: protection of soil, water quality, and road infrastructure.
The scenarios are built with the help of Geospatial Information Software. For this project I used ArcGIS
Pro 2.4. 0 to load and process spatially distributed parameters such as soil attributes, geomorphology,
land use types, etc. The list of inputs is shown in
For the modelling exercise that constitutes the second part of this research, a specific case study area
was delineated. It consists of the six hydrological basins affected by the fire events of 2003. The area
adds up to approximately 130.000 hectares. These events were chosen because of their high intensity
and large physical extent. The delineation of the hydrological basins was done through ArcGIS Pro 2.4.
0 (Spatial Analyst tools/Watershed). One basin that was affected by the fire events was not included
in the new case study. That is because the area of burned land within this basin was negligible relative
to the basin’s total size. Maps showing the burned areas and the six basins are shown in Figure 3 and
Figure 4.
The results of the modelling exercise are presented within the borders of the burned area, although
the model was run for the wider area of the basins, as required by the Sediment Connectivity models
(see chapter 3.2.2).
. After loading the inputs, I used the same software to prioritize areas for mulching application and
make comparisons. The qualities that were compared are:

1

The US Forest Service Burned Area Emergency Response (BAER) team’s purpose is to assess threats from fireinduced changes to watersheds. The assessments are shared with other Federal, State, and local agencies so
they can provide assistance to communities and private landowners (WO Staff Program - Burned Area
Emergency Response BAER, n.d.).
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•
•
•
•

The size of the areas.
The slope steepness, to investigate model sensitivity to this parameter.
The distance from water bodies and from regional roads, to see how related are prioritized
areas to points that serve as targets for protection from sedimentation.
The net potential erosion rates risk, to see how erosion risk plays a role in each objective.
Table 4: Spatial inputs used for modelling
Type of info

Source

Burned areas of 2003-case study delineation

ICNF1

Fire severity maps-dNBR

Calculated from Landsat imagery by the Frisco
project team2

Rivers-streams3

ICNF

Land use

DGT4

K factor

ESDAC5

LS factor

ESDAC

R factor

ESDAC

DEM (25m)

Copernicus-Land monitoring service6

Road networks7

"Forest GIS" firm, Mapcruzin8

Post-fire soil erosion map for Portugal

ESDAC
Notes & URL

1:sig.icnf.pt
2:https://ce3c.ciencias.ulisboa.pt/research/projects/ver.php?id=220
3:Validated using flow accumulation function is GIS
4: Serviço de Descarregamento ATOM da Direção-Geral do Territorio (DGT) ilicaedjojicckapfpfdoakbehjpfkah/subscribe.html?http%3A%2F%2Fmapas.dgterritorio.pt%2Finspire%2Fato
m%2Fdownloadservice.xml
5: esdac.jrc.ec.europa.eu
6:land.copernicus.eu
7: Validated using Google Earth 8:forest-gis.com/shapefiles-de-portugal/

For the modelling exercise that constitutes the second part of this research, a specific case study area
was delineated. It consists of the six hydrological basins affected by the fire events of 2003. The area
adds up to approximately 130.000 hectares. These events were chosen because of their high intensity
and large physical extent. The delineation of the hydrological basins was done through ArcGIS Pro 2.4.
0 (Spatial Analyst tools/Watershed). One basin that was affected by the fire events was not included
in the new case study. That is because the area of burned land within this basin was negligible relative
to the basin’s total size. Maps showing the burned areas and the six basins are shown in Figure 3 and
Figure 4.
The results of the modelling exercise are presented within the borders of the burned area, although
the model was run for the wider area of the basins, as required by the Sediment Connectivity models
(see chapter 3.2.2).
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Figure 3: Perimeter of burned areas in Algarve which affected 66.000 ha in 2003. Approximately 40000 ha were
burned at high severity (dNBR>0.44) (purple areas)

Figure 4:Six hydrological basins that were affected by the 2003 wildfire (130.000 ha)
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2.2.1. 1st prioritization scenario- Soil protection
The first scenario focuses on the protection of the soil from erosion, regardless of off-site parameters.
This was formulated based on the statements of multiple interviewees that stressed the importance
of keeping the soil intact to protect organic matter and mineral particles (participants no.3,7,8,11,18).
Multiple publications are in line with these arguments (see 1.1). The choice of focus does not imply
that any of the participants think that soil erosion rates is the most significant factor. Off-site factors
are always considered important for area targeting processes. This distinction is made for the sake of
this experiment, which is true for all three scenarios.
For this scenario, I ran the empirical model Revised Universal Soil Loss Equation (RUSLE) to estimate
the post-fire soil erosion rates. It has been shown that RUSLE is able to estimate the post-fire erosive
response and because of its relative simplicity and low input requirements, it seems a suitable model
for area prioritizations (Vieira et al., 2018).
The product A (Mg ha-1 yr-1) of the RUSLE model is the product of the multiplication of five parameters
(Wischmeier & Smith, 1978): rainfall erosivity, R (MJ mmh-1 ha-1 yr-1 ), soil erodibility K (Mg h MJ-1 mm1
), and the non-dimensional topographic factor (LS), crop factor (C) and soil conservation practices
factor (P):
A= R*K*LS*C*P

(Wischmeier & Smith, 1978)

The P factor was not included in this study since no soil conservation practices are indicated.
The spatial resolutions of the downloaded raster files for R and K were 500m (Soil Erosion by Water
(RUSLE2015) - ESDAC - European Commission, 2015). I interpolated the values in new raster datasets
of 25 m resolution to match the resolution of the LS factor map using the “Resample” function
following “Cubic” methodology (Resample Function—ArcGIS Pro | Documentation).
The C factor was assigned to each area according to its land use, and it is determined using various
sources. The first step is to download the land use map of Portugal for the year 2007 (Carta de Uso e
Ocupação do Solo de Portugal Continental para 2007– (COS2007v2.0). The next step is to create a
table to match each land use category with a C-factor value. To do this, I used the recommendations
from Panagos et al. (2015) and Parente et al. (2022), mixed with rational estimations based on cover
and management implied by each land use. A summary of the C-factor values is presented in Table 5
below. A more detailed presentation is in Annex 2.
Table 5: Summary of C-Factor values attached to land use classes.
Land use class
Continuous urban fabric
Discontinuous urban fabric
Industrial or commercial units/ Road and rail networks and associated land/ Port
areas
Mineral extraction sites/ Dump sites/ Construction sites
Sport and leisure facilities/ Green urban areas
Non-irrigated arable land
Permanently irrigated land
Rice fields
Vineyards
Fruit trees and berry plantations

C Factor
(unburned)
0.005
0.01
0.01
0.1
0.02
0.2
0.2
0.05
0.331
0.221
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Olive groves
0.222
Pastures
0.103
Land principally occupied by agriculture, with significant areas of natural
0.143
vegetation/ Complex cultivation patterns
Agroforestry-Trees with crops
0.101
Agroforestry-Trees with pastures
0.053
Eucalyptus forest/ Invasive species forest
0.003
Pine forest
0.001
Forest-Other
0.002
Natural grasslands
0.049
Dense shrubland
0.001
Shrubland
0.002
Open forest/ Cut forest- Eucalyptus*
0.006
Open forest/ Cut forest- Pine*
0.002
Open forest/ Cut forest- Other*
0.003
New plantations-Sclerophyllus*
0.003
New plantations-Eucalyptus *
0.006
New plantations-other broadleaf *
0.003
New plantations-coniferous *
0.002
Nurseries
0.03
Sparsely vegetated areas/ Bare rocks
0.001
Beaches, dunes, sands
0.05
Intertidal flats/Salt marshes
0.005
Water bodies/Peat bogs/Lagoons/Marshes
0
*(considered as forested land because the land use map was created after the 2003 fire)

After creating a map with C-factor values for unburned conditions, the next step is to calculate the
changed C-factor values after the 2003 fires. That is done in two steps:
1. Load maps of the difference between the Normalized Burn Ratio (dNBR) values that were
calculated for the 2003 fire event. NBR is a function of values derived from satellite imagery. The
dNBR value is calculated as shown in (López-Vicente et al., 2020; Robichaud, Lewis, et al., 2007)
Higher dNBR values in an area are indicative of greatest change on vegetation due to the fire. To
use this indicator for area prioritization models, it is necessary to arrange classes that identify
degree of burn severity. As shown in Table 6Error! Reference source not found., I used a common
classification of dNBR values (Rozario et al., 2018; Wu et al., 2021).
Table 6:Classification of burn severity based on dNBR values

dNBR

Burn Severity

−0.1 to 0.1

Unburned or no change

0.1 to 0.27

Low-severity burn

0.27 to 0.44

Moderate-low severity burn

0.44 to 0.66

Moderate-high severity burn

>0.66

High-severity burn
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2. Calculate the C-factor for burned conditions (C-factorburned) based on previous publications of
modelling experiments (González-Romero et al., 2021; Martínez-Murillo & López-Vicente,
2018; Parente et al., 2022). I made a distinction for the areas with coniferous vegetation, as
they shed their needles after a low or medium intensity fire. The shed needles play the role of
a “natural mulch”, protecting the soil against erosion (Gonçalves et al., 2011). The exact
calculations that identified C-factorburned are presented in Table 7.

Table 7:Weight assigned to land according to burn severity

Burn Severity

C-factorburned

C-factorburned -land with coniferous
vegetation

Unburned or no change

-

-

Low-severity burn

Minimum(Cunburned*1.1, 0.25)

C-factorburned

Moderate-low severity
burn

Minimum(Cunburned*1.1, 0.25)

C-factorburned

Moderate-high severity
burn

Minimum(Cunburned*2.25, 0.25)

C-factorburned/2

High-severity burn

0.25

C-factorburned

After calculating the erosion rates, I compared the results of the RUSLE model with the results from
(Parente et al., 2022) which are published in the JRC website (Soil Erosion by Water (RUSLE2015) ESDAC - European Commission, 2015). In this work, the MMF model was used to estimate the annual
post-fire erosion rates in Portugal for a thirty-eight-year period. The results are published in the form
of maps of 25m and 100m resolution. I used the 25m resolution maps since it is the same resolution
as my results. The results of the comparison are presented on Annex 5.
The final step is to delineate the areas. That is done by selecting areas with a dNBR value higher than
0.44. After that, I targeted areas using their calculated annual erosion rate (A). For this I used two
thresholds: 1.1) Areas with A>1 Mg ha-1 yr-1 and 1.2) A> 10 Mg ha-1yr-1. In this way I divided the first
scenario into two sub-scenarios. Those to thresholds are chosen because of the high uncertainty over
what constitutes a “tolerable” erosion rate (Verheijen et al., 2009). . The same division in two subscenarios with different tolerance thresholds is made for the second and third scenario.

2.2.2. 2nd prioritization scenario- Water body protection
The second scenario focuses on the protection of freshwater bodies from sedimentation. It is based
on the arguments of many interviewees about the importance of protecting hydrological networks
from sediment and ash exports. A literature review showed multiple publications that describe the
environmental and economic consequences of water sedimentation due to erosion on fire affected
soils (De Vente et al., 2013; Moody et al., 2013; J. P. Nunes et al., 2020; Shakesby et al., 2016).
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No distinction is made between streams of different sizes (e.g., by using Strahler stream order). Also,
no distinction is made according to any potential significance of the stream or reservoir (e.g., if it is
used for fishing or for water consumption by humans). The reservoirs are depicted as linear features.
To delineate areas accordingly, the concept of Sediment Connectivity is deployed. “Connectivity” in
geological sciences is used to support the comprehension of material flow, such as water or sediment
flows, within a system (Baartman et al., 2020). More details on the meaning of Sediment Connectivity
Index and how it is calculated in this study can be found in Annex 3.
The next step is to calculate the Sediment Delivery Ratio (SDR), which is the proportion of the eroded
sediment in each area (each pixel in our case) that reaches the target. This is done as demonstrated
in (SDR: Sediment Delivery Ratio — InVEST Documentation, n.d.), based on the work of (Borselli et al.,
2008; Sougnez et al., 2011; Vigiak et al., 2012) and many others.
Briefly, the SDR is calculated as shown below:
𝑆𝐷𝑅𝑖 =

𝑆𝐷𝑅𝑚𝑎𝑥
𝐼𝐶 − 𝐼𝐶𝑖
1 + exp( 0
)
𝑘

Where SDRmax is the maximum value for SDR. For SDRmax I used the default value of 0.8. ICO and k
are calibration parameters. In this project I used the recommended values proposed in literature (ICO
= 0.5 k=2)(Jamshidi et al., 2014).
The area is delineated similarly to the first scenario: by selecting areas with a dNBR value higher than
0.44. After that, I considered two thresholds
2.1) A*SDRSTREAM=A’STREAM>=1 Mg ha-1 yr-1
2.2) A’STREAM <= 10 Mg ha-1 yr-1,
Where A is the calculated erosion rates for each pixel from RUSLE.

2.2.3. 3rd prioritization scenario- Road protection
The third prioritization scenario has one difference with the second scenario; the road networks are
used as sink points instead of water bodies. More specifically, the regional infrastructure that connects
settlements with each other (Figure 5). This scenario is based on the a literature review that showed
that some researchers are focusing on the damage to infrastructure created by water and sediment
flow (Kalantari et al., 2017; Sosa-Pérez & MacDonald, 2016).

26

Figure 5: Main roads infrastructure (green lines) withing case study area and overlapping 2003 wildfire perimeter
(black lines)

In the following chapters the names of the scenarios will be shortened as shown below:
Table 8: Name of prioritization scenarios

Target

Threshold

Scenario name

(Mg ha-1 yr -1)
1st scenario

2nd scenario

3rd scenario

-

Water bodies

Regional roads

1

Soil 1

10

Soil 10

1

Water 1

10

Water 10

1

Roads 1

10

Roads 10

27

3. Results
3.1. Interviews with experts
Overall, I interviewed sixteen experts. The interviews lasted approximately thirty minutes to one hour.
Eleven experts completed the criteria tables, two of which were not interviewed (due to time or
language difficulties). 1. Also, participants 9-13,16 were interviewed without the use of a criteria table.
The participants’ main characteristics are presented below:
Table 9:Experts that participated in the interviews

no

Field

Institution type

Location

Types of input (I:
Interview, CT: Criteria
tables, CM: Comparison
matrix)

1

Biology, forestry

2

Sociology,
Planning
Hydrology, Soil Science, Env. Research Institute
Planning
Research Hydrology
Researcher in Public
administration
Earth Systems Sciences
Research Institute
Environmental Policies and Research Institute
Management/Planning
Environmental Engineering
Researcher in Public
administration
Environmental Engineering/ Research Institute
Planning
Forestry
Public administration

3
4
5
6
7
8
9
10
11
12
13

NGO, Research Inst. Spain
and
Public
Administration
Environmental Research Institute
Portugal

I, CT, CM

Portugal

I, CT, CM

USA

I, CT, CM

France
Portugal

I, CT, CM
I, CT, CM

USA

I, CT

Portugal

I, CT, CM

Spain

I

I, CT, CM

Public administration
Research Institute
Research Institute
Research Institute

Spain
Spain
Spain
Portugal

I
I
I
I

14

Forestry
Plant physiology, Soil Science
Microbiology, Soil Science
Ecology,
Environmental
Planning
Nature conservation

NGO and freelance

Portugal

I, CT, CM

15
16
17

Geography and Planning
Environmental Engineering
Forestry

Spain
Spain
Spain

I, CT, CM
I
CT, CM

18

Environmental Engineering

Research Institute
Research Institute
NGO and public
administration
Research Institute

Portugal

CT, CM

The differences among the participants’ answers were largely dependent on their field of expertise
and their geographical location. For example, the two interviewees from the US were experienced
with other types of resources, procedures, and priorities. However, they expressed many common
opinions with their European colleagues, especially those that have experience with mulching in
operational terms. One thing they commonly believed is that it is important to follow predefined
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protocols to target areas for application. The protocols include on-site factors (mainly soil burn
severity indicators and slope degree), as well as off-site ones (protection of water reservoirs and vital
road infrastructure were mentioned).

3.1.1. Results per criterion and literature review
In the following paragraphs, I describe the main outcomes of the interviews and the matrices,
connecting them with literature. The results are organized per criterion based on the original predefined list. However, some criteria were embedded in others or rejected during the process. The
weights calculated from the comparison matrices are shown in Figure 6, and the final arrangement of
criteria are presented in Table 10 in the end of chapter 3.1. In Annex 1, I present the insights offered
by each participant, based on the semi-structured interviews, alongside the completed criteria tables.
Technical parameters
Economic Cost: Parameters relevant to economic cost that arose during the interviews were the
availability of the material, its weight and volume, its proximity to the application areas, the
accessibility of the application areas and the nature of working contracts.
The importance of the Cost criterion was not rated very high by the participants through the pairwise
comparison process (7,7 %).
Time needed for application: All participants stressed the importance of timely application of mulch,
as reflected by the criteria weighing (23,7%). Most of the interviewees specified that it is important
that mulch is applied before the first major rainfall event after a wildfire in order to be effective at
reducing erosion. The practical difficulties in achieving this were underlined by some participants; the
material must be sourced, processed, and spread in time. Parameters that play an important role in
the process are material type (weight, source proximity, volume), the structure of the operation
(preparedness and workforce expertise), and legal procedures (permissions, financial aids).
Characteristically, as Participant 17 pointed out, the speed of action is dependent of “whether you
have your own means (qualified personnel and material) or if you hire companies. (..)This supposes a
delay of up to three months because there is a lot of bureaucracy to have money available. (..)And with
volunteers we only took two weeks to apply the mulch(..)” (Annex1, Table 21).
Effectiveness in reducing erosion risk: All interviewees expressed the opinion that mulching is one of
the most effective techniques for reducing erosion. Its weight (27,6%) is the highest among the
criteria. They were generally in line with literature in the following points:
•

•

The effectiveness of mulching largely relies on the proportion of ground that is covered (Prats
et al., 2014; Robichaud, Jordan, et al., 2013). As vegetation recovers it gradually provides soil
cover, rendering mulch unnecessary. Therefore, the main parameters in the erosion reduction
process are the application rate and decomposition characteristics, in relation with the
vegetation recovery rate (see criterion Longevity).
The duration in which the mulch provides the necessary cover is related to its decomposition
rate and its capacity to remain on-site, without being entrained by water or wind. The shape
and weight of the material are important parameters in this regard. For example, straw
mulches are light and prone to removal by wind (Fernández et al., 2011; Girona-García et al.,
2021). Wood-residue mulches on the other hand, are characterized by a heterogeneity that
protects them against wind and air erosion (Girona-García et al., 2021). In addition to this,
Participant 2 stressed that materials like needles from coniferous trees are resistant against
entrainment by water because of their shape.
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Longevity: This criterion for most interviewees is embedded within Effectiveness at reducing erosion.
Its weight was 6.8%. The experts that had a high level of technical knowledge reaffirmed the literature
on this topic. Longevity is significant only as long as the effectiveness of mulch is compromised by the
removal of the material. In other words, it is important to have the material in place when the
vegetation has not provided the cover required to limit erosion. Material could be removed in various
manners. For example, removal by wind; this would occur only in areas highly expose to wind and the
severity depends on the lightness of the material (Fernández et al., 2016). Agricultural straw is
particularly susceptible to this form of removal (Fernández et al., 2016; Robichaud, Lewis, et al., 2013).
Material could also be entrained by water streams. This is possible only in contexts with very highly
concentrated water flows, and is dependent upon the physical characteristics of the material
(Fernández et al., 2016). Overall, mulch is mainly removed because of its natural decomposition, which
relates to the climatic conditions and the chemical properties of the mulch material (Robichaud et al.,
2010).
“Other” environmental effects
Risk of soil compaction: All participants agreed that when machinery is used to collect or spread
material the risk of compaction must be considered. Some participants mentioned some ways to
alleviate the risk:
•
•
•

Use light machinery.
Apply mulch on skid trails after the machine passes forest soils.
Limit the compacted area by designing the paths used by the machine beforehand. The
paths’ area could be the minimum that is required by the application plan.

Since there are ways to alleviate the risk of compaction, and the score on the matrix is very low
(4,9%) the criterion is subtracted from the final list.
Effects on carbon storage: Overall mulch is not often linked to long-term restoration. Participant no
12, as a microbiologist, spoke with emphasis on the microbiological attributes of the fire affected soil
and the effects of mulching on soil biota. More specifically, she spoke about the importance of Carbon
to Nitrogen ratio (C:N) and the mulch material decomposition time for the communities of soil biota.
According to literature, response of the communities of soil biota is very complex and conditioned by
many factors such as fire severity, biota species soil attributes, time, and post-fire climatic conditions
(Ana Barreiro & Díaz-Raviña, 2021). Furthermore, species have developed traits and behaviors for
increased fire resilience (Certini et al., 2021). Despite the varied responses, restoring soil biota and soil
organic matter levels are important tasks in the field of forest restoration. A study noted that
information about the effect of mulching on biomass, soil microbial and fungal communities, and
resulting characteristics of the soil are scarce (A. Barreiro et al., 2016).
Participant 3 emphasized the importance of the soil carbon storage levels. According to him, erosion
causes soil organic carbon to oxidize, therefore it is important to consider land management methods
to prevent erosion phenomena, that do not include disturbing the soil. In literature, the increase in
the soil organic matter in burned soils has been pointed as the key factor for boosting productivity
and retaining carbon stocks (Lopes et al., 2020).
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Some studies do focus on the effect of mulching on soil organic carbon levels. Lopes et al. (2020) point
that, even the reduced rate mulch treatment in their studies is better than no intervention, since it
affects positively carbon fixation and long-term soil productivity by reducing erosion.
Since the weight of this criterion according to the comparison matrix is not very low (11.9%), and there
is an ongoing debate amongst the experts the criterion remains on the list. However, this criterion’s
name is changed to “Effects to soil organic matter” in order to include all aspects related to the Carbon
and nutrient content of the soil.
Risk of enhancing invasive vegetation growth: The majority of the experts that are active in the
Iberian Peninsula expressed that this criterion is not of considerable importance for the areas they are
experienced in. However, the interviewees with experience from the US stressed that this is an
important matter when treating burned forests. For example, Participant 4 emphasized that some
agricultural mulches may contain unwanted seeds, especially invasive grasses, that are bad quality
forage and might unbalance the biodiversity in natural areas.
Some studies conducted in the US agree with the interviewees that were concerned about this effect
of mulching. According to Hunter et al. (2006), wildfires enhance significantly the risk of growth of
invasive species in natural areas. Another study conducted in the US showed that mulching with rice
straw can have negative effects on species richness (Kruse et al., 2004). One assumption is that this
happened because of weeds that were carried alongside the rice straw. There are some other studies
with similar results (Robichaud, Wagenbrenner, et al., 2013). Not all studies concluded that mulching
can pose such risks; a study conducted in Spain that tested mulch of straw and bark stands in burned
forest soils did not observe growth of non-native species in the area (Fernández & Vega, 2014).
Overall, this criterion is significant when an area targeted for mulching application has a biodiversity
status that is considered vulnerable or protected. In that case the mulch material could be chosen
carefully, for example it could be purchased with a certification that the material is free of weeds,
pesticides etc. (Robichaud, Wagenbrenner, et al., 2013).
Since the weight of this site-specific issue on the matrix is not very low (9.5%) , the criterion remains
on the final table.

Risk of inhibiting desired vegetation growth: Although not stressed by any of the interviewees, there
are some studies that are arguing that mulch can suppress vegetation growth. The study of Kruse et
al. (2004) concludes that straw can suppress natural regeneration. According to their study, the
reasons for this are varied and uncertain. They mention that “it may block sunlight to emerging
seedlings, provide a physical barrier to their emergence, prevent contact between newly arrived seeds
and the soil surface, and/or reduce soil nitrogen availability as it decomposes”.
Other studies however underline the beneficial effect of mulching on vegetation regrowth. For
example, Dodson and Peterson (2010) observed vegetation recovery in mulched burned areas and
noted that only when cover from mulching exceeded 70% did the technique begin to have negative
impact on vegetation recovery relative to areas with no mulch. Dodson and Peterson (2010)
acknowledge the potential harm in vegetation recovery but argue that mulch facilitates the growth of
seedlings in dry areas because of it increases the moisture and decreases temperature of the ground.
Moreover, another study noted that acorn seed survival rate and seedling height on mulched areas
was higher than on untreated areas (Prats, Sierra-Abraín, et al., 2021). Since the more recent and more
numerous studies argue that there is no negative effect as long as the application rate is within certain
levels, the criterion is subtracted from the list. That is in line with its low weigh on the matrix (3,8%).
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Enhancing wildfire risk: None of the interviewees confirmed that there is a risk in enhancing fuel by
mulching burned land. Furthermore, it seems that there is no published study relating to fuel increase
through mulching. The contrary is true; according to scientific and grey literature, mulching has been
used in the US as a fuel-suppression mechanism (Frame, 2011; M. Ryan et al., 2009). Taking this into
consideration the criterion is subtracted from the final list. Its weight from the comparison process
was 4,1%.
Added criteria
Social capacity to implement: A common idea among the participants was that knowledge sharing
activities are urgently required; the established views and practices cannot change until knowledge
sharing occurs amongst experts, administrators, landowners, and other stakeholders. In the case of
mulching, this important because the concept of mulching challenges long-established land
management practices. Also, erosion is not considered a priority issue in some areas, given the other
more direct and visible stressors faced by rural populations.
The majority of the participants mentioned additional social criteria which are presented in Table 23
in Annex 1. If we group them by content, the following criteria are formed:
1. Acceptance from stakeholders: the interest and willingness of people directly involved to take
part in decision-making, planning, supervision, implementation, and monitoring of the
measures. That includes their understanding or willingness to understand the measures’ onand off-site effects, as well as the requirements of its application. It also involves their capacity
to voice their views and interests via organized groups such as associations, local initiative
groups etc.
2. Institutional facilitation: the level in which higher level institutions facilitate the communities,
landowners, associations etc. to achieve a high enough societal and technical capacity for the
optimal implementation restoration measures. That includes the communication levels,
funding opportunities, legal frameworks etc.
Those criteria summarize the social capacity2 requirements for designing, implementing, and
monitoring post-fire restoration measures. An interesting body of literature now exists on this topic.
Ribeiro et al. (2020) mention that the cost-benefit analysis and involvement of agents in post-fire
forest management has recently started to attract the attention of researchers. According to
Robichaud et al. (2000), that a big body of expenditure on emergency stabilization methods was
approved for areas nearby large settlements. That is to say that protection of life and property were
two very important drivers of post-fire restoration. Despite this, it seems that the public has left the
decision-making responsibility to the US Forest Service and other agencies (M. Ryan et al., 2009).

2

Social capacity could be defined as “people's ability to work together to organize public relationships, rather
than give responsibility for those relationships wholly to state actors or the flux of market exchange”
(Lichterman, 2009)
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Figure 6: Criteria weights as calculated from the comparison matrices. The consensus among the participants is
68.8%. According to the classification found at (Goepel, 2018) that is a moderate consensus level.

3.1.2. Final criteria list derived from interviews and matrices
The process of creating a final criteria table (Table 10) is the following: Firstly, I deleted all the criteria
that scored low in the comparison matrix and discarded by literature (Risk of soil compaction, Risk of
inhibiting desired vegetation growth, Risk of enhancing wildfire danger). Secondly, I incorporated the
Longevity criterion in the more general criterion of Effectiveness. Thirdly, I reformulated the criterion
Effects on carbon storage as a more general criterion named Effects on soil organic matter. After that,
I added the social criteria as described in the final paragraph of 3.1.1. The criteria are finally
categorized as:
•
•

•

Technical if they relate to the technical aspects of design and implementation,
Related to other environmental effects, if they relate to the effects of mulching on natural
ecosystem. The word “other” means that these effects are indirectly or not at all linked to
erosion reduction,
Social if they are connected to the social capacity to the design and implementation of the
technique.
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Table 10: Final criteria table for selection of mulching techniques.

Selection criteria for the mulching
techniques
Cost

Technical

Time needed for
implementation
Effectiveness in
reducing erosion

Other environmental
effects

Effects on soil
organic matter
(SOM)
Enhancing
growth of
invasive
vegetation
Institutional
faciltation

Social

Social
acceptance and
willingness to
participate

Indicators
Cost of material
Cost of labor
Cost of transport
Cost of equipment
Accesibility of material
Accessibility of expertised workers
Accessibility of equipment
Time needed for application
Ground cover (Short-term effect)
Longevity (Long-term effect )
Soil disturbance levels
Protection of SOM from erosion
Accelerating/ decelerating restoration of previous
population-diversity levels of soil biota

Spread of exotic or invasive seeds
Funding opportunities
Facilitation by regulations
Communication between stakeholders and agencycommunity relations
Knowledge sharing between experts and public
Compatibility of technique with land use
Conflicts for the use of material

34

3.2. Building prioritization scenarios
In the following paragraphs, the results of the modelling experiment are presented, in the form of
charts, diagrams, and maps. The objective of this chapter is to describe the quantitative results and
provide visualizations of the six scenarios. The results are analyzed in chapter 4.2. Literature review is
not possible since no existing publication describes a similar modelling exercise.

3.2.1. Soil erosion rates
The estimated erosion rates by the RUSLE model are as presented in Figure 7 and 8 below. The
classification of erosion rates in five classes is following a rounded Jenks natural breaks classification
method. As we can see, most of the land (95% of the case study) is estimated to have erosion rates
lower than 1 Mg ha-1 yr-1. Nearly 3% of the case study is estimated to have rates of erosion between 1
and 5 Mg ha-1 yr-1. The following classes correspond to a much smaller proportion of the case study.
The last three classes amount up to approximately 800 hectares.
Moreover, in Annex 4 there are diagrams depicting the relation of the model inputs with the resulting
erosion rates. The information about the model inputs is illustrated in order to investigate potential
sensitivity to their values. It can be seen that all the average values of the inputs increase alongside
the erosion rate classes, with some exceptions. However, the only factor with a significantly increasing
average in the last two classes of erosion is the topographic LS factor.

Area (ha)

59,545

1,782
<1

744

61

1-5
5-20
20-50
Erosion rates classes (Mg ha-1 yr-1)

2
>50

Figure 7: Erosion rates (Mg ha-1 yr-1) calculated using RUSLE
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Figure 8: Spatial distribution of erosion rates (Mg ha-1 yr-1) calculated using RUSLE

3.2.2. Sediment export to water bodies and regional roads
The estimated erosion export rates are as presented in Figure 9 and Figure 10 below. As we can see,
96% of the case study area is estimated to have sediment export to the water bodies lower than 1 Mg
ha-1 yr-1. When it comes to regional roads this number becomes 98%. Overall, the sediment export to
streams is larger than the one to roads; the upper limit of sediment export to streams is 90 Mg ha-1 yr1
, while for roads the limit is 32 Mg ha-1 yr.-1
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Figure 9: Erosion export to water bodies (Mg ha-1 yr-1)
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Figure 10: Erosion export to regional roads (Mg ha-1 yr-1)

3.2.3. Targeted areas
This section describes the results of the three different prioritization methods and their sub-scenarios.
The visual depiction of the targeted areas in maps is shown per sub-area, as the case study area is too
large to show the results on a single set of maps. The position of this sub-area is shown in Figure 11
and Figure 12. The region is chosen because it is close to human settlements and drained by multiple
streams. In addition, it is characterized by steep slopes, so the erosion levels are high. The
characteristics of the prioritized areas are shown in Figures 13-17.
In Figure 13 we can see the size of the prioritized areas. The areas prioritized by Soil 1 scenario are
approximately 3 times larger in size than the areas prioritized by Water 1, and 5 times larger than the
ones prioritized by Roads 1. When the threshold changes, the difference between the scenarios is
changing by one order of magnitude; the areas prioritized by Soil 10 are 30 times the areas of Water
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10 and Roads 10. It can be seen, that the areas prioritized by Soil 1 are one order of magnitude larger
than those by Soil 10, while for the water scenarios the difference is two orders of magnitude.

Figure 11: The hydrologic network (blue), the road network (yellow), the case study perimeter (black) and the
selected sub-area (circle):the region in which the results are illustrated below.

Figure 12: The hydrologic network (blue), the road network (yellow), the DEM map, and the selected sub-area
(circle):the region in which the results are illustrated below.
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Figure 13: Size of targeted areas (ha)

Soil 1

Soil 10 Water 1 Water Roads 1 Roads
10
10
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Figure 17: Median net erosion values as estimated by RUSLE (Mg ha-1 yr-1).
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The maps showing the six different scenarios are depicted below, in the Figures 18-20. The level of
dispersion of the areas is different in each scenario. The biggest differences exist between the
scenarios with different erosion tolerance threshold. Also, the Soil scenario is more distinct than the
rest.

Figure 18: Soil protection scenario (blue: Soil 1, red: Soil 10)

Figure

19:Water

protection

scenario

(blue:

Figure 20:Road protection scenario (blue: Road 1, red: Road 10)

Water

1,

red:

Water

10)
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Another question that arises relates to the degree of spatial complementarity between the targeted
areas. That can be addressed by identifying their overlapping extent. This is illustrated in Figure 21,
which consists of a series of Venn diagrams showing the relationship between size and degree of
overlap of the scenarios. Some scenarios have targeted sites that are wholly part of other scenarios’
resulting areas. Naturally, all scenarios with a thresholds of 10 Mg ha-1yr-1 are part of those with a
lower threshold (1 Mg ha-1 yr-1). Moreover, as derives from the methodology, the Water and Roads
scenarios are part of the Soil scenario with the same threshold.
We can also see that the Water 1 and Soil 10 scenarios are almost overlapping, while this is not true
for Roads 1 and Soil 10; only 50% of the areas targeted based on Roads 1 scenario are targeted by Soil
10. Furthermore, although Water 10 and Roads 10 are approximately equal in size, they overlap by
30% of their area.

Figure 21: Diagrams of size relations between targeted areas
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4. Discussion
This section builds upon the results presented above in order to relate these findings back to the
research questions and wider literature. To do so, the sub-questions will be addressed one by one,
followed by the limitations relevant to result interpretation, and ways to overcome these limitations.
The final chapter of this section discusses how the answers to the two questions can be combined and
be useful to future management practices.

4.1. Sub-Research Question 1: Which biophysical and socioeconomic criteria are
appropriate to define “optimal” mulching practices?
4.1.1. Decision-making criteria
The biophysical and socioeconomic criteria that can be used when deciding “how” to implement
mulching can be divided into three broad categories: technical, environmental, and social criteria.
Technical criteria
The technical criteria are composed by the effectiveness of the technique at reducing erosion, the
time needed for application and its economic cost. The interviewee responses resonated with the
conclusions of previous studies: erosion rates are directly dependent on the soil cover, which means
that the greatest losses happen in the first post-fire year depending on the natural vegetation recovery
(Robichaud, Jordan, et al., 2013). Therefore, if mulch application is not timely, the effect of the
measure is not evident. That creates an interlinkage between the technical and social aspects of mulch
implementation that was not directly concluded from the literature review but mentioned by some
interviewees. The essence of this interlinkage is that since the effectiveness of the technique is not
widely demonstrated the measures will not gain wider acceptance. That would affect the social criteria
for implementation and further impede the application of the relevant measures.
There is a high level of agreement amongst the interviewees about the fundamental importance of
effectiveness and time criteria. These two criteria scored the highest, which was expected since they
represent the very reason for applying mulch in a burned area. Cost on the other hand scored lower
than expected in the comparison matrix (7.7%). That can be partly explained by the field of expertise
of the interviewees, as further discussed in 4.1.2.
An analysis of how the interviewees perceived the criterion of economic cost would provide further
insights with which to interpret the results of the comparison matrix. Many experts perceived the
technique’s costs as minor in comparison with the benefits of alleviating post-fire erosion. This
perception is expressed in literature in many ways. The cost of application can be seen as a trade-off
for benefits that could also be expressed, directly or not, in financial terms (Mavsar et al., 2012). For
example, for a forest association or an individual landowner the benefit could be in the form of
subsidies. Moreover, actors responsible for water quality could benefit from the reduction of cleaning
costs. There are published examples of scientific or grey literature that provide methodologies and
examples of economic loss assessments (Morton et al., 2013; Thomas et al., 2016). Finally, it should
be noted the BAER database provides tools for carrying out cost-benefit analyses of post-fire
rehabilitation practices (Robichaud, Elliot, et al., 2007).
Criteria related to “other” environmental effects
Regarding environmental side-effects, perspectives varied on the focus of mulch application. Some
stressed that mulch is applied to alleviate the short-term impact of erosion. This is mainly related to
threat to life and property or water sedimentation. Other participants highlighted the long-term
benefits of reducing erosion as well. Those are, for example, enhancing soil fertility, carbon
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sequestration, restoring soil biota communities etc. Some participants noted that the long-term
effects are linked to increase of ground cover and characteristics of mulch material.
Overall, the environmental effects that were mentioned during the interviews and have scored
relatively high in comparison matrices are: Effects on carbon storage (11,9%) and Risk of enhancing
invasive vegetation growth (9,5%). The latter’s importance has proved to be highly case-specific, which
is in line with existing literature (Hunter et al., 2006; Kruse et al., 2004; Robichaud, Wagenbrenner, et
al., 2013).
Furthermore, more criteria were mentioned during the interviews that were related to the effects on
carbon storage. For example, one participant elaborated on the role of mulch on soil biota. A second
example is related to soil fertility. Three participants highlighted that wildfires cause a decrease in soil
fertility which is an important issue to address. They elaborated on how mulching could restore
attributes of the soil related to soil organic matter. These views are in line with literature on how
mulching benefits soil organic matter through moisture increase and beneficial decomposition
(Dodson & Peterson, 2010). However, it is clear from the rest of the interviews that the only reason
for applying post-fire mulching is to reduce erosion by increasing ground cover. According to them,
even the long-term advantages of mulching are based on its erosion reduction potential. However, it
should be noted that participants did not necessarily express conflicting opinions, but rather focused
in on different effects. Naturally, the participants emphasized the issues they were knowledgeable
about.
As mentioned in section 3.1, mulching can have unwanted environmental effects. Participants did not
strongly emphasize these issues. One exception is the potential risk of enhancing invasive vegetation
growth. However, the importance of this criterion is highly case-specific. In this study it was mainly
mentioned by interviewees active in the US.
Overall, the criteria concerning wildfire risk enhancement, risk of compaction and risk of inhibiting
desired vegetation growth were either rejected or given low importance by the participants. The
reason for this is mainly the existing techniques for alleviation of negative impacts. The non-systematic
literature review of this study did not reveal any significant contradictions between interviewees and
existing research. However, it is evident that for researchers to learn more about this issue, extensive
monitoring in large scale mulch applications is necessary (Kruse et al., 2004). A systematic literature
review is needed to further investigate knowledge gaps on negative effects of mulching.

Social criteria
There was a general agreement that sociopolitical dimensions of land management represent barriers
to implementation of mulching practices. This relates to issues such as land ownership status, the land
abandonment phenomena, land exploitation activities, amongst others. For example, when burned
areas are located on private property, the process of mobilizing and facilitating the landowners to
engage in soil restoration activities are an obstacle to timely implementation (Ribeiro et al., 2020). As
noted by one participant, this is exacerbated by the fact that erosion is often not considered as a major
problem by stakeholders since communities impacted by a wildfire face a lot of other issues that they
tend to prioritize.
The study of Ryan et al. (2009) about the perception of stakeholders on post-fire management
suggests that the “level of expectations and need for agency–community engagement” are
determined by the following factors:
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•
•
•
•

fire characteristics: extent, severity, location
community connection to the natural area: dependencies on resources.
the history of agency–community relations: conflicts.
the level of volunteerism in the community: how involved the people are in public affairs.

As far as the application of mulching in Portugal goes, (Keizer et al., 2018) argue that the main barriers
against mulching implementation are its costs and the lack of familiarity of landowners and forest
managers. That issues are prominent since the majority of land in Portugal is private (Ribeiro et al.,
2015).
There are however examples that show the opposite is possible. One is derived from the events in
northern Spain in 2017, where local stakeholders organized themselves, with the help of local
administration, to plan and implement large scale mulching and planting activities in a burned area
(Prats, Sierra-Abraín, et al., 2021).

4.1.2. Sources of uncertainties and alternative methods
The reliability of my results is impacted by some limitations. Firstly, the method used to answer the
first research question has the disadvantage that the interviewees are all of similar viewpoints,
educational direction etc. Namely they are all researchers in the wider field of environmental
management. The results would be more divergent if people from communities, private companies,
or local administration were interviewed. That divergence in perceptions between different groups is
a phenomenon observed before in similar contexts. For example, Ribeiro et al. (2015) noted when
researching different perceptions on forest fires in Portugal that the technicians were focused on the
environmental consequences of fires, while the local community on economic damage. The first group
highlighted losses of biodiversity and soil, while the second the value of timber, land, crops, and
animals.
A second methodological weakness is that the interviewees were free to remove or add criteria to the
table. This allowed the participants to attach to criteria meanings and nuances. In addition, some
participants did not have the necessary technical experience or knowledge to fill in the cells of the
tables. That is partly why they had a large degree of liberty to change some criteria or leave them
unaddressed. However, this creates one limitation: the comparison matrix is not suitable as a source
for quantitative research, for example for a Multi-Criteria Analysis. This alternative methodological
approach is discussed in more detail in chapter 4.3.
Finally, some criteria are intertwined to such a degree, that one cannot be imagined independently
from others. A list may be useful because it provides space for in depth analysis, however it has the
disadvantage of separating its contents. A way to overcome this is through visualizations of
relationships between criteria. One example that offers a modelling approach to this is fuzzy mapping,
in which models can be designed in workshops by stakeholders (Özesmi & Özesmi, 2004; Soto et al.,
2021).
An alternative approach to answer the first sub-research question would be a survey that includes
more diverse participants and is composed of two rounds: the first round could resemble the
exploratory research conducted for this thesis, without the comparison matrices. The second round
would be in the form of questionnaire, with the addition of the comparison matrices. The criteria to
be included in the second round are the ones that would have been established after the first round,
similarly to the outputs of this research. That would allow quantitative analysis of the results, since
we would have the comparison between the same number of narrowly defined criteria. Moreover,
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such a study would provide a transparent argumentation for the choice of criteria and their weights,
which are important characteristics of a Multi-Criteria Analysis (Lindfors, 2021).
Another proposal would be to create surveys based on a number of different scenario narratives, as
implemented by (Pastor et al., 2019). In this study, the researchers present contrasting scenarios to
the participants and ask them to develop a storyline for each scenario. That is done by filling in tables
with land use distributions and constraints. In our case, the scenarios could incorporate different
management priorities and the tables could be about suggestions on mulch distribution, materials,
equipment etc.

4.2. Research Question 2: What are the potential similarities and differences between
the outcomes of different methodologies of deciding where to place mulching?
4.2.1. Interpretation of the results from the modelling exercise
For RQ2, literature review methods cannot be used to review the results. That is because there are no
previous studies on comparisons between the specific modelling and targeting methods that I used
for this study. One reason for this is that the concept of SDR is quite new and not yet widely used in
research. When comparing the results of the three prioritization scenarios, we can derive the following
conclusions:
The difference in size of the prioritized areas illustrate that for the water-protection scenario, the
differences in thresholds of erosion tolerance are more significant than the road-protection, and
especially the soil-protection scenarios. That means that if the managers would decide to mulch areas
of high sediment export to water bodies, they would minimize significantly the area of mulching
application.
Furthermore, the average slope steepness in prioritized areas increases as the threshold of acceptable
erosion levels increases. This was expected because higher erosion rates are required to reach the
corresponding thresholds of erosion when a scenario is dependent on SDR, rather than the net erosion
rate.
Furthermore, as expected, the areas targeted using SDR have a smaller average distance from the
features used as targets (roads or water bodies). That is because the chances of sediment being
retained before reaching the target are higher as distances increase This does not imply a linear
relationship between distances and sediment export rates; there are targeted areas in each scenario
located far from their target feature. Rather, it reflects the fact that many other parameters are
involved in the equations. Detailed histograms that show these results are presented in Annex 6.
Overall, the sediment export to streams is larger than the one to roads; the upper limit of sediment
export to streams is 90 Mg ha-1 yr-1, while for roads the limit is 32 Mg ha-1 yr.-1 This implies that
frequency distribution of the SC values is directly related to the user-defined computation targets;
water bodies receive almost double the amount of sediment than roads. In addition, it is evident that
water protection scenarios tend to prioritize areas in common with the soil protection scenario rather
than the road protection scenario. As we see in the Venn diagrams in section 3.2.3, the areas of Water
scenario and Road scenario have a small degree of overlap. This can be potentially explained by two
factors: Firstly, water bodies are longer and more present in the landscape than regional roads, and
secondly water bodies are naturally formed in such a way that they receive sediment and water runoff from hillslopes. Roads, on the other hand, are built in areas of the lowest possible run-off. These
results lead to a number of insights relevant to area prioritization practices. For example, if managers
are interested in the protection of road infrastructure, they cannot be dependent on scenarios that
focus on soil or water protection. Another useful insight is that a scenario focused on soil protection
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with a high tolerance threshold (Soil 10 in our case), does not sufficiently address protection of water
bodies from sedimentation.

4.2.2. Sources of uncertainties and alternative methods
Uncertainties from the use of RUSLE
One limitation inherent in RUSLE model is that it only accounts for soil loss through sheet and rill
erosion and ignores the effects of gully erosion or dispersive soils. That should be generally taken
under account, however in this case study, this limitation is of small significance. That is because it has
been shown that in areas in the Mediterranean, interill processes are dominant (Prats et al., 2016;
Shakesby, 2011)
Moreover, when comparing the results of RUSLE from this study with other modelling studies or field
measurements, it is clear that in this research RUSLE overestimated the erosion rates in some areas.
For example, a study which measured post-fire erosion in Portugal in the scale of swales showed an
upper limit of 15 Mg ha-1 yr-1 (Prats et al., 2019). The comparison between my results and the results
of MMF from the study of (Parente et al., 2022) shows that RUSLE generally underestimates erosion
rates, with the exception of some areas with extremely high values. This issue is further discussed in
Annex 5.
The way to overcome this issue is calibration: by analyzing RUSLE inputs (Annex 4), we see that the
only factor with a significantly increasing average in the last two classes of erosion is the topographic
LS factor. That suggests that there are very high erosion rates that may be connected to specific
landscape features or/and model inadequacies. This may be linked to the fact that LS factors need
modification in order to be used in RUSLE when it comes to very high slopes (Schmidt et al., 2019).
Due to these limitations, the prioritization scenarios are likely to include areas of very steep slopes
which are not suitable for mulching applications. Furthermore, if RUSLE underestimated the erosion
rate risk in some areas, the prioritization scenarios selected less areas than they should. Managers can
however overcome this limitation quite easily with the use of GIS software. For example, prioritized
areas of high LS factor can be isolated in order to be assessed for their suitability for mulching
application.
The use of Sediment Delivery Ratio in targeting areas for restoration
The concept of SDR is still new and has not been assessed by many studies. Two studies until now have
evaluated it to be suitable and practical when it comes to area prioritizations (Almeida & Cabral, 2021;
Gashaw et al., 2021). However, since the model is sensitive to Kb values, calibration of the model with
measured data is needed before using it (Gashaw et al., 2021). Since I did not calibrate the values in
my research, the results of the SDR model are compromised.
Another issue, which seems not to be implied by existing literature, involves the use of IC for area
prioritization. When measures to alleviate erosion are placed (or planned to be placed) in an area, IC
must be run again. This is because the C-factor in the IC calculation changes. In practice, mulched areas
will not deliver as much sediment to points downstream, which in turn affects the sediment export
values. It would be interesting for future research to explore the degree to which a specific measure
impacts sediment exports from points downstream, and how modelling procedures can take this into
account.
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Burn severity indicators
Another weakness of the methodology is related to the indicator used to pinpoint burn severity. The
dNBR indicator, as explained in the Methodology section, describes the effect of fire on vegetation. In
practice, however, managers use quantitative and qualitative indicators derived from field surveys to
measure burn severity (also called fire severity, or soil burn severity) (Fernández & Vega, 2016;
Robichaud et al., 2000; Robichaud, Jordan, et al., 2013).
Remote sensing imagery is not enough to calculate burn severity because it cannot provide exact
information on how the soil is affected by the temperatures that were developed during a wildfire (A.
Parsons et al., 2010). For example, fast moving fires that consume fine fuels may severely impact
vegetation without necessarily transferring all produced heat to the ground (Robichaud et al., 2000).
Remote sensing methods can be used to increase the mapping process efficiency but not to be used
without field validation (A. Parsons et al., 2010; Robichaud, Lewis, et al., 2007). For example, the US
Forest Service has developed a protocol that uses both GIS and field validations (A. Parsons et al.,
2010). According to this protocol the soil burn classes are initially drafted using the dNBR value. After
that, teams of experts use this map as a base and validate it by systematically collecting information
on the appearance of litter, soil, vegetation and other relevant factors.
There has been more recent research that aims to link remote sensing information to burn severity
levels using modelling (Rozario et al., 2018). These models also need to be validated via fieldwork but
hopefully accelerate the process.
However, one can argue that this limitation is not significant for this study since dNBR is sufficiently
representing the loss of ground cover in an area. When it comes to C factor values, ground cover loss
is a very important indicator. Multiple previous studies have used dNBR values in similar modelling
projects (González-Romero et al., 2021; López-Vicente et al., 2020; Wu et al., 2021)
Thresholds for tolerable erosion/sediment export
There is a high degree of uncertainty when it comes to thresholds for tolerable soil erosion.
The widely accepted threshold for conditions prevalent in Europe, proposed by Verheijen et al.,
(2009) is ca. 1.4 Mg ha−1 yr−1 which is equal to the rate of soil formation. However, the same study
stresses that there are multiple ways to define tolerable erosion rate. More recent research on the
subject argues that thresholds for tolerable erosion are dependent on soil functions and their
significance for human societies (Fulajtár et al., 2017; Regueiro-Picallo et al., 2020). That suggests that
the best way to define a threshold is by consulting experts and stakeholders of each area of interest.
Comparison between scenarios
The comparisons between the prioritized areas that were presented in this research have one
important limitation: the sizes of the compared areas are not the same. Previous studies on prioritized
area comparisons addressed this issue via the concept of spatial efficiency (L. Parsons et al., 2022),
which shows the distribution of a parameter or function in a certain space. For this research, the
indicator of spatial efficiency could be the percentage of pixels with high erosion risk in a certain spatial
unit e.g. 1 hectare. Another way of dealing with comparisons between samples of different sizes is by
performing a t-test analysis. This has been used before in spatial planning for conservation (Trew et
al., 2019).
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4.3 The relation of the two research questions: Towards the optimization of post-fire
emergency response measures
The final question is, can these findings be combined and pave the path for future research? And how
would the results of these efforts affect land management?
The timely implementation of these measures has often been compromised by the lack of
methodologies in rapid diagnosis of the areas with higher soil erosion following the wildfire. To
address such difficulties, soil erosion modelling arises as a powerful tool, providing crucial information
supporting decision-making (Parente et al., 2022).
Firstly, the answers to the first research question can be used in the construction of prioritization
scenarios. For example, while defining priority areas in a context in which we know what materials are
available, we could decide accordingly: if the available material is light, such as straw, mountain ridges
or other windy areas are not recommended. Also, GIS software could develop scenarios according to
the availability of equipment and labor. For example, we could tailor the scenario according to the
proximity of application areas to forest roads, settlements etc.
The answers to the first research question yield results which could be used (considering the
limitations mentioned in the previous section) for a spatial multi-criteria decision analysis (MCDA) .
This method would help in deciding which of the constructed scenarios is the best. There are
numerous examples of studies that use spatial MCDA tools in the field of environmental conservation
and management (Krois & Schulte, 2014; Terêncio et al., 2018; Vogler et al., 2015). The first task of
spatial MCDA analysis is to create maps of all relevant parameters such as soil attributes, hillslope
characteristics, etc. The layers of the map are then organized in common, unitless classes so they can
be compared to one another (Terêncio et al., 2018). The result of this analysis is a “suitability map”,
which is a map that classifies area suitability for measure application for each criterion. An example of
how this can be done is presented by Krois & Schulte (2014).
In general, the use of modelling and weighted criteria helps to incorporate different objectives in area
prioritization processes. Especially when models are simple and straightforward, such methods could
promote engagement and communication between various stakeholders who might not be experts in
land management or soil physics.
For this to be achieved, further research is needed in the field of economic assessments and
environmental services. For example, it is necessary to develop tools to quantify the effects of wildfire
on hydrological services, soil fertility, etc. and in turn compare these with the costs and benefits of
erosion prevention measures (Barbati et al., 2010; Pastor et al., 2019)
Finally, the findings of this study demonstrate the need to enhance preparedness for implementing
post-fire emergency stabilization measures. A large part of the procedures could already be completed
in fire prone areas. Such procedures include preparing labor, equipment, material availability, and
preparing maps and datasets for erosion modelling. Until today, when land managers or other experts
address preparedness, they often refer to extinguishing or regulating the fire itself, or emergency
practices such as evacuation from burning areas (Mccaffrey, n.d.; Monroe et al., 2006; R. L. Ryan &
Hamin, 2008).
For example, the findings of this study bring forward proposals to management issues related to water
quality protection. According to J. P. Nunes et al. (2018), it is best to identify and map contaminants
present in fire-prone landscapes before any fire event. It is important to have information on position
and composition associated with the contaminants’ presence in the landscape, because the
subsequent water pollution will depend on the transport pathways and chemical properties of the
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contaminants (J. P. Nunes et al., 2018). Therefore, if managers have this information, they can couple
it with modelling results and apply appropriate sediment delivery thresholds to prioritize areas for
measure implementation. The results can be used as criteria maps in a MCDA or cost-benefit analysis
as described above. That would make the process of protecting water bodies efficient and
straightforward with minimal fieldwork or further consultation from scientists.

5. Conclusion
Besides other devastating impacts on nature and human society, wildfires play a detrimental role in a
system’s hydrological properties (Gould et al., 2016; Shakesby, 2011). This has attracted the attention
of researchers, but there are many questions to be addressed to gain more understanding of the issue
(Girona-García et al., 2021). Moreover, it is evident that there are numerous practical obstacles related
to successful application of post-fire emergency measures in Portugal and other areas (Pastor et al.,
2019; Ribeiro et al., 2015, 2020). It seems that those challenges are highly linked to lack of
communication and knowledge transfer between scientists and stakeholders. Also, obstacles are
emerging because there is lack in methodologies for timely assessments and actions (Parente et al.,
2022)
This research focused on the measure of mulching and had two objectives: Firstly, to investigate which
criteria can be combined to design effective interventions. The second objective is to compare the
result of different area prioritization methodologies.
The conclusions deriving from the first part of the research can be summarized as follows:
The participants agreed on the fact that the most important factor when deciding on how to apply
mulch is its effect in reducing erosion. The experts with experience in biophysical aspects of mulching
stressed that the main attribute that contributes towards erosion reduction is the increase of ground
cover. It can be concluded that to minimize erosion, mulch must be placed before the first major
rainfall event and remain on site until vegetation provides sufficient cover. Another idea expressed
during the interviews was that knowledge sharing activities are urgently needed. That is partly
because the concept of mulching is challenging long-established views and practices of land
management. Another reason is that mulching has not yet been widely implemented in time,
especially in Europe, which is an obstacle to the dissemination of its effectiveness.
The differences among the participants’ answers were largely dependent on their field of expertise,
their academic or ”operational” point of view, and the location they were experienced in. One
difference was about the focus of mulch application; some participants stressed that mulch is applied
to alleviate the short-term impact of extreme run-off. Others, while recognizing the importance of
short-term effects, highlighted the long-term benefits. The participants did not express a strong
opinion about potential negative effects of post-fire mulching.
The results from the prioritization scenarios can be summarized as follows:
Overall, the Soil scenarios prioritized 1064 ha and 135 ha for the thresholds of tolerable erosion of 1
Mg ha-1 yr-1 and 10 Mg ha-1 yr-1 accordingly. The Water scenarios prioritized 380 ha and 4,5 ha and
the Roads scenario prioritized 198 ha and 4,5 ha. The size of areas prioritized both by the Water and
Road scenarios were 172 ha and 1,3 ha for each threshold. In addition, it is evident that Water
scenarios prioritize more areas in common with the Soil scenario rather than the Road scenario.
A number of limitations should be considered when drawing conclusions from this study. First of all,
the interviewees were all experts on subjects related to post-fire management. The results would be
different if a more diverse group participated in the research. The limitations regarding erosion and
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sediment export modelling are mainly linked to the fact that the models were not calibrated using
field measurements. RUSLE was validated through a published modelling study, which showed that
RUSLE probably underestimated the results (in a range of ca. 1-4 Mg ha-1 yr-1). In addition, in some
areas (62 ha) RUSLE calculated erosion rate risk to be over 20 Mg ha-1 yr-1, which is an extreme result
and needs surveying. It has been shown that topographic LS factors need modification in order to be
used in RUSLE when it comes to very high slopes (Schmidt et al., 2019). Modellers can overcome this
limitation quite easily with the use of GIS software, by isolating and assessing areas of high LS. Another
issue involves the use of IC for area prioritization. When measures to alleviate erosion are placed in
an area, IC must be run again. It would be interesting for future research to explore the degree to
which a specific measure impacts sediment exports from points downstream, and how modelling
procedures can take this into account. When it comes to SDR and Sediment Export, the concepts are
still new and have not been assessed by many studies. We know however that since the model is
sensitive to Kb values, calibration of the model with measured data is needed (Gashaw et al., 2021).
The results of this study can be further translated into proactive recommendations on how to improve
research and practice on post-fire erosion control. Below I present some ideas:
•

•

•

•

•

There are some uncertainties on negative environmental effects of mulching. A systematic
literature review is probably not sufficient to close this gap; more monitoring studies on cases
of large-scale mulching practices are needed for more information.
When conducting research or deciding on best anti-erosion practices, the social context
should not be underestimated as an influencing factor. Researchers and decision-makers
should keep in mind the community connection to the area, conflicts between stakeholders
and the level of volunteerism of the fire-affected communities. Inclusive approaches when
collecting information could be:
− Surveys that include diverse participants and are composed of multiple rounds. Such
studies would provide transparent argumentation for the choice of criteria and their
weights, which are important characteristics of a Multi-Criteria Analysis (Lindfors, 2021).
− Surveys based on a number of different scenario narratives, where participants are asked
to develop to develop a storyline for different contrasting scenarios (Pastor et al., 2019).
− Techniques of fuzzy-modelling and fuzzy-mapping in order to overcome the disadvantage
of creating rigid lists of non-connected criteria.
The answers to SRQ1 yield insights which could be used for a spatial MCDA. This method
would help in deciding which of the constructed scenarios is best. For this to be achieved,
further research is needed in the field of economic assessments and environmental services.
For example, it is necessary to develop tools to quantify the effects of wildfire on hydrological
services, soil fertility, etc. and in turn compare these with the costs and benefits of erosion
prevention measures (Barbati et al., 2010; Pastor et al., 2019).
This study found that the only scenario that addressed the need to protect both water and
roads from sedimentation was the soil protection scenario with a low threshold, which
prioritized an area 3 times larger than the area of the low-threshold water protection scenario.
The results overall show that a target-based model is important to efficiently specify the areas
for mulch treatment.
Finally, the findings of this study demonstrate the need to enhance preparedness for
implementing post-fire emergency stabilization measures. Labor, equipment, and material
availability could be prepared before a fire event. Maps of land use, contaminant presence,
sensitive or valuable environmental features or infrastructure, acceptable sedimentation
thresholds etc. can be prepared for fire prone areas.
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Annex 1: Interview notes and filled criteria tables
Criteria tables
Participant no. 1
Participant no. 1 stressed that the source of the materials used for mulching is important to be located
near the application area. The reasons are related to the application’s cost, time and most importantly,
the sustainable use of resources.
He pointed out that in Spain wheat and corn are the most used materials since they are very easy to
find. However, there is the probability that this material is needed for other activities, such as animal
feeding. Moreover, the crop residues that are used for mulching are not available throughout the year.
He accepted the predefined criteria list as presented in Error! Reference source not found.. He added
four more criteria in this list, namely “Risk of erosion”, “Sensitive areas” which relate to area
prioritization. “Local communities” which relates to the local initiatives capacity to apply the
techniques, and “Local materials”.
Table 11: Criteria table-Participant 1
Selection criteria for
mulching techniques
Cost

Indicators
Material( seeds, fertilizers,
mulches, wood, stones etc)
Labor
Transport (of materials,
equipment and people)
Equipment of application

Time (of application
completion after
fire
event)

Preparation
time
and
transport time (of materials,
equipment and people)
Time needed for application

Effectiveness

% of soil erosion decrease

Risk of soil compaction

Whether machinery will have
to go off-road for material
collection or application

Effects on carbon storage

Ability to protect the soil
organic carbon from erosion

Risk
of
invasive
growth

Risk of containing exotic
seeds

enhancing
vegetation

Risk of inhibiting desired
vegetation growth

Longevity
Risk of enhancing wildfire
danger

Risk of erosion

Notes

This is the most important- dependent on the accessibility of
material- dependent on when the material is stocked. In any
case it is important that the material is easy to find and close
(ore ecologically friendly). In Spain that is easy: lot of wheat
etc.

-Whether it is shown to have
a negative effect on native
plant
germination
and
growth
Weight- Risk of being blown
by
wind
Attraction of grazing animals
Flammability of material

Severity of the fire, remaining
soil cover, slope

Mulching is especially necessary on those spots where the
fire was very severe and there is no vegetation cover
remaining and the slope is pronounced. In our opinion it is
very important to concentrate the efforts and the founds on
those areas that are most in risk of erosion.

59

Sensitive areas

Protected areas, presence of
endangered species, water
sources, sites of social
interest

Local communities

Presence on the area of
environmental associations
or owner agrupations would
facilitate
rapid
social
activities

Local materials

Utilization
of
local
agroforestry materials for
mulching will be desired
aiming
to
reduce
transportation,
carbon
footprint,
and
avoid
introducing exotic species

Soil protection should be prioritized on sensitive areas that
have environmental or social value and require special
protection
Besides official mulching applications by the Forestry
Services we believe that local initiatives can also help a lot
because they can be very fast and efficient as recently
demonstrated by the paper of Prats et al (2022).
Organization of the population in associations or
agrupations will facilitate coordination and operativeness.
We think that local materials should be preferred. However,
mulching requires a lot of amounts of material and
provisioning could be not that easy. One interesting point for
high-risk areas such as Galicia or Algarve is that the local
communities or the local governments have a big stock of
material to be ready for use in case of fire. This seems not
very difficult taking advantage of the frequent thinnings,
prunings and vegetation clearings

Participant no. 2
Participant no. 2 has a social science background therefore her insights were mostly related to her
experience with cultural practices and rural policy in Portugal. She stressed that mulching as a
technique is known in Portugal, but it remains at experimental stage. The main reason for that is its
cost.
She also commented on the cultural aspect of the issue; in the past, when more diverse activities took
place in the countryside, forest residues were often used in farms as a circular practice. Nowadays
forest owners that are active at managing their land usually set fire to the forest residues. The idea of
keeping the residues and applying them as mulch is culturally foreign to the local communities.
Moreover, she pointed that the key factor that would allow mulching to be an operational, widely
used technique in the private Portuguese lands is awareness. More specifically awareness that would
take the form of commitment by the local people and forest owners. That is currently far from the
reality because there is no serious event linked to erosion, as is for example in Galicia where erosion
from fire affected forests caused economic catastrophe for the muscle cultivation business. Adding to
that, rural areas in Portugal are facing rural abandonment, highlighted by the fact that the areas are
used for lumber production and not for activities that require constant presence from the owners.
Finally, she mentioned that wildfires are causing problems that seem far more crucial to the local
people than that of soil erosion.
Participant no. 2 accepted the predefined list of criteria. She added three more criteria as shown
below: “Social acceptance”, “Institutional-policy support”, and “Technological knowledge”.
Table 12:Criteria table-Participant 2
selection criteria for mulching
techniques

Cost

Indicators
Material( seeds, fertilizers, mulches,
wood,
stones
etc)
Labor
Transport (of materials,equipment
and
people)
Equipment of application

Notes
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Time (of application completion after
fire event)
Effectiveness

Preparation time and transport time
(of materials,equipment and people)
Time needed for application

Risk of soil compaction

% of soil erosion decrease
Whether machinery will have to go
off-road for material collection or
application

Effects on carbon storage

Ability to protect the soil organic
carbon from erosion

Risk of enhancing invasive vegetation
growth
Risk of inhibiting desired vegetation
growth

Risk of containing exotic seeds
-Whether it is shown to have a
negative effect on native plant
germination and growth

Longevity

Weight- Risk of being blown by wind
Attraction of grazing animals

Risk of enhancing wildfire danger

Flammability of material

Social acceptance

Potential adoption from forest
owners (eg. % of forest owners
already applying)

Institutinal- Policy support

Existence of funds

Technological knowledge

Need for machinery
commonly used

not

ICNF does ot prioritize areaseffectiveness is directly related to this
Mulch before
compaction

forest

work-reduces

Farmers
follow
traditional
techniques-they want their fields to
be 'clean'- they set fire to the residues
(sometimes they have to because of
tree pathogens)-that is connected to
when they had also a farm and the
residues were used there (circular
management)
Could be an indicator of cost-time
(bureaucratic processes take too
long)
Knowledge is not wide about the
matter. Only experts are aware

Participant no. 3
The third participant emphasized the importance of the soil carbon storage issue. Erosion causes soil
organic carbon to oxidize, therefore it is important to consider land management methods to prevent
erosion phenomena without disturbing the soil. Plowing and terracing are methods that are known to
disturb the soil causing loss of organic carbon stocks.
He accepted the predefined list of criteria, except the criterion “Risk of enhancing wildfire danger”.
He specifically noted “(..)If the mulch is spread and in correct application rate there is no problem”.
He added one more criterion called “Acceptance”. This is related to perception and knowledge.
According to him, established views and practices cannot change until knowledge sharing activities
start happening amongst experts, administration officers, landowners, and other stakeholders.
He also added useful notes to all other criteria; for the “Cost” criterion, he pointed out some factors
that affect the cost of the technique; these factors are slope, proximity of material source and process
of material (e.g. it depends on the parts of the plants that are used). When it comes to “Effectiveness”,
he mentioned the importance of the material shape by providing the example of pine needles and
wood chips. Pine needles unlike wood chips, merge in one another, resembling a carpet on the soil.
That does not allow water to penetrate and lift the material from its place. For the criterion related to
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the “Risk for compaction”, he mentioned some ways that this effect can be alleviated. One way is to
mulch on skid rails and avoid using machinery on soil with high moisture. Moreover, he mentioned
that mulch bares no significant risk of “Inhibiting desired vegetation growth”. That could happen only
at a very high application rate. Finally, the longevity of the mulch material was an important criterion
for him. He noted that it depends on climatic conditions, soil attributes, the decomposition rate of the
material, and the rate of application.
Table 13:Criteria table-Participant 3
Selection criteria for mulching
techniques
Cost

Time (of application completion
after fire event)

Effectiveness

Indicators

Notes (eg. most influencing factors)

Material(seeds,
fertilizers,
mulches, wood, stones etc)
Labor
Transport
(of
materials,
equipment
and
people)
Equipment of application
Preparation time and transport
time (of materials, equipment and
people)
Time needed for application
% of soil erosion decrease

Accessibility: if the slopes are steep
this increases the cost f the
operation- long slopes> 100 m or
steep >15deg. Also local materials
are cheaper. More expensive to
choose specific parts of the plant.

Risk of soil compaction

Whether machinery will have to
go off-road for material collection
or application

Effects on carbon storage

Ability to protect the soil organic
carbon from erosion

Risk of enhancing
vegetation growth

invasive

Risk of containing exotic seeds

Risk of inhibiting
vegetation growth

desired

Longevity

Risk of enhancing wildfire danger

Whether it is shown to have a
negative effect on native plant
germination and growth

Weight- Risk of being blown by
wind
Attraction of grazing animals-not
a problem, they only eat the seeds
and seedlings, decomposition
rate
Flammability of material

Shape of the mulch influence
effectiveness: e.g. pine needles work
better than small wood chips that
don't merge and allow water
(imbricadas)
To avoid the compaction: use mulch
on the skid roads Before the
application is better but much more
expensive. The moisture is also an
important factor; soil compaction is
more severe when moisture is high

Annual plants can grow and make
soil cover (positive), without being
invasive (no data). Perennials: when
we use the bark there is no danger of
invasive (eg no acacia- the seeds like
the fire)
Depends on rate: eg 8t/ha may
inhibit vegetation growth.
The
landowners want to have a 'clean'
soil in order to work better with
machinery.
Depends on degradation rate
(material) , rate of application.
Climate- if it's dry degradation rate is
lower. If you have soils rich in OM,
degradation rates are high.
Flammability-Not a problem (no
data)- firefighters create piles of
wooden material- if the mulch is
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spreaded and in correct application
rate there is no problem
Acceptannce

due to research
knowledge
is
communicatedtechniques

being recentnot
widely
traditional

Participant no 4
Participant no. 4 is active as a hydrologist in the US Forest Service. His views and priorities show both
differences and similarities with those of the experts from the Iberian Peninsula. The reasons for the
differences lie mainly on the different type and scale of natural areas, scale of wildfires and land
property status.
He believes that the main disadvantage of mulching is its high cost. For this reason, the managers are
very selective when it comes to soil stabilization techniques. He characteristically stated: “Application
of mulch materials is typically the highest cost in the US because large areas have to be treated by
helicopter (..)”.
Moreover, for him the “Risk enhancement of invasive vegetation” is an important issue. When invasive
grass is used as mulch it is likely to degrade the area’s biodiversity status and serve as bad quality
forage.
The statement he wrote on the compaction risk factor sheds some light on some aspects of machinery
use: “(..)If using a tractor or atv to transport/spread material off of roads, this will cause some
compaction but maybe not enough to cause a change in soil properties (largely uncertain, and I don't
know of any studies that measure this). For wood mulches produced on site, compaction is probably
an issue because even one pass of a heavy machine like a log skidder can compact the soil.”
For the “Effectiveness” criterion he wrote that at the time of application, all mulch materials have
similar effectiveness, because the ground cover percentage is the most important factor determining
effectiveness. The differences between the different kind of materials appear after some time, e.g.
when seeds germinate.
Regarding the criterion “Risk of inhibiting desired vegetation growth”, his notes showed that the risk
could be higher when a mulch material persists longer on the ground, before decomposing. He also
noted that the material weight could play some role.
On the issue of “Longevity”, he mentioned the risk of removal of straw material by wind and on the
issue “Increasing wildfire risk”, he noted: “All mulching materials are flammable, so there is risk of
increasing fuel loads. This risk decreases as the mulch degrades, and may not be a concern immediately
after the fire (1-3?? Yrs) but may be an issue for wood mulch in longer term.”
Table 14:Criteria table-Participant 4
Selection criteria
for mulching
techniques
Cost

Indicators

Notes

Material(
seeds,
fertilizers,
mulches,
wood,
stones
etc)
Labor
Transport
(of
materials,equipment

Highly variable. Application of mulch materials is typically the highest
cost in the US because large areas have to be treated by helicopter.
Application cost is highest for wood mulches, lowest for seeding, and on
the high end of intermediate for agricultural mulches and hydromulch.
Purchase cost including transportation to site is highest for agricultutural
mulch (wheat or rice mulch) or hydromulch and lowest for seed.
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Time
(of
application
completion after
fire event)

Effectiveness

Risk
of
compaction

and
people)
Equipment
of
application
Preparation time and
transport time (of
materials,equipment
and
people)
Time
needed
for
application
% of soil erosion
decrease

soil

Whether machinery will
have to go off-road for
material collection or
application

Effects on carbon
storage

Ability to protect the
soil organic carbon from
erosion
Risk of containing exotic
seeds

Risk of enhancing
invasive
vegetation
growth
Risk of inhibiting
desired
vegetation
growth
Longevity

Risk of enhancing
wildfire danger

-Whether it is shown to
have a negative effect
on
native
plant
germination and growth
Weight- Risk of being
blown
by
wind
Attraction of grazing
animals, decomposition
rate
Flammability
of
material

Processing cost is highest for wood mulches, intermediate for agricultural
mulches and hydromulch, and lowest for seed.
Can be implemented relatively quickly, as systems are in place to arrange
contracts, which is usually a very slow process. Treatment can typically
start weeks to months after a fire. Seed is the lowest time to implement,
agricultural mulch and wood mulches take a little longer because of
transit time to the site or on-site preparation.
Initially, all mulches seem to work about the same for the same amount
of % cover. Lighter mulches (ag mulch and hydromulch) degrade quickly
so do not last as long as heavier mulches like wood mulch. Seed is initially
ineffective until one or two years after germination, and even then may
not reduce erosion
Not an issue for aerial application of seed or any of the mulches. If using
a tractor or atv to transport/spread material off of roads, this will cause
some compaction but maybe not enough to cause a change in soil
properties (largely uncertain, and I don't know of any studies that
measure this). For wood mulches produced on site, compaction is
probably an issue because even one pass of a heavy machine like a log
skidder can compact the soil.

Some agricultural mulches may contain unwanted seeds, especially
invasive grasses, and this has been a small problem in the US.

Some evidence that agricultural and hydromulch don't really have an
effect on native vegetation. Not clear about wood mulches, except that
since they persist longer than the lighter mulches, there is more risk of
affecting native vegetation growth.
Straw mulches are often not used on steep slopes or in windy areas
because of risk of removal by wind. This is not a problem for seed,
hydromulch or wood mulches. Wood mulches degrade the slowest, and
have persisted in at least one study for > 10 yrs.
All mulching materials are flammable, so there is risk of increasing fuel
loads. This risk decreases as the mulch degrades, and may not be a
concern immediately after the fire (1-3?? Yrs) but may be an issue for
wood mulch in longer term.

Participant no. 5
Due to her social science background, participant no. 5 focused on the financial factors and
preconditions of mulch application. She added three more criteria to the pre-defined list: “Financial
Benefits for stakeholders”, “Knowledge”, “Increase of soil fertility, enhancing soil structure”.
Table 15:Criteria table-Participant 5
Selection
criteria for
mulching
techniques

Cost

Indicators

Material ( seeds, fertilizers, mulches, wood, stones
etc)
Labor
Transport (of materials,equipment and people)
Equipment of application

Notes
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Time
(of
application
completion
after
fire
event)

Preparation time and transport
materials,equipment
and
Time needed for application

Risk of soil
compaction

Whether machinery will have to go off-road for
material collection or application

Effectivenes
s
Effects on
carbon
storage
Risk
of
enhancing
invasive
vegetation
growth
Risk
of
inhibiting
desired
vegetation
growth
Longevity
Risk
of
enhancing
wildfire
danger
Financial
Benefits for
stakeholder
s
Knowledge

Increase of
soil fertility,
enhancing
soil
structure

time (of
people)

% of soil erosion decrease
Ability to protect the soil organic carbon from
erosion

Risk of containing exotic seeds

-Whether it is shown to have a negative effect on
native plant germination and growth
Weight- Risk of being
Attraction of grazing animals

blown

by

wind

Flammability of material
Subsidies-long term economic production

How to implement, availability of required
equipment
% SOM

Incentives to apply, long-term or short-term
benefits.

Maybe
knowledge
exist
but
farmer/company/stakeholder does not know how
to implement mulching.
Long term-cannot see benefits in short-term
experiments
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Participant no. 6
This participant stressed that mulching the forest ground is not only expensive, but it is as well
culturally contradicting the views of landowners in Portugal. She added that environmental agencies
and volunteers usually get united to plant new trees but not to apply mulch. That fact can serve as an
indicator of knowledge sharing issues among the experts and the public.
As far as prioritization goes, she stated that the factors for area targeting can be classified as: a) onsite characteristics, such as soil type and slope, and b) off-site characteristics such as presence of
infrastructure, agricultural fields, and water reservoirs.
There are some additional factors, relevant to land management practices. She gave the example of
the will of the farmers to plough their land. Overall, she accepted the predefined list and added two
criteria: namely “Communication”, and “Institutional and bureaucratic procedures”. The first refers to
knowledge sharing and dissemination. The second refers to policies that would encourage and
facilitate the measure application.
Table 16:Criteria table-Participant 6
Selection criteria for post-fire management techniques

Indicators

Cost

Material( seeds, fertilizers, mulches, wood, stones etc)
Labor
Transport (of materials,equipment and people)
Equipment of application

Time (of application completion after fire event)

Preparation
time
and
materials,equipment
Time needed for application

Risk of soil compaction

Whether machinery will have to go off-road for material
collection or application

Effectiveness

% of soil erosion decrease

Effects on carbon storage

Ability to protect the soil organic carbon from erosion

Risk of enhancing invasive vegetation growth

Risk of containing exotic seeds

Risk of inhibiting desired vegetation growth

-Whether it is shown to have a negative effect on native
plant germination and growth

Longevity

WeightRisk
of
being
blown
by
wind
Attraction of grazing animals- ability of not be washed by
rain

Risk of enhancing wildfire danger

Flammability of material

Communication
Institutional-bureaucratic procedure

transport
and

time
(of
people)
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Participant no. 7
Participant no. 7 is active in the US Forest Service. He elaborated on the importance of the pre-defined
protocols that must be followed by emergency response groups. The steps include fire severity
mapping, erosion modelling, and cost-benefit analyses. He stressed that it is important that all
decisions are taken and implemented in coordination between the stakeholders in the area because
of the interests are often contradictory. E.g. stabilization measures interfere with logging activity.
According to him, increasing forest fuel when mulching is not an issue. The risk of material being blown
by wind can be an issue but only on the mountain ridgetops. Finally, in order to alleviate the
compaction effect of machinery the skid rails should be mulched. He added one criterion to the
predefined list, which is about the availability of people and equipment for mulch application.
Table 17:Criteria table-Participant 7
Selection criteria for post-fire management techniques

Indicators

Cost

Material( seeds, fertilizers, mulches, wood, stones etc)
Labor
Transport
(of
materials,equipment
and
people)
Equipment of application
Preparation
time
and
transport
time
(of
materials,equipment
and
people)
Time needed for application
Whether machinery will have to go off-road for material
collection or application

Time (of application completion after fire event)

Risk of soil compaction
Effectiveness

% of soil erosion decrease

Effects on carbon storage-soil health

Ability to protect the soil organic carbon from erosion

Risk of enhancing invasive vegetation growth

Risk of containing exotic seeds

Risk of inhibiting desired vegetation growth

-Whether it is shown to have a negative effect on native
plant germination and growth

Longevity

WeightRisk
of
being
Attraction of grazing animals

Risk of enhancing wildfire danger

Flammability of material

blown

by

wind

Availability of experts and equipment

Participant no. 8
Participant no. 8 stated two main factors to be taken under account when targeting areas for
mulching: that is fire severity and slope. She mentioned some secondary factors, namely rainfall, soil
characteristics and the presence of infrastructure downstream.
When it comes to the factor of “Longevity”, she mentioned that the ideal endurance level of the
applied material depends on how long the material is needed on place. That depends on the
vegetation recovery regime of the area; when vegetation growth is stimulated, ground cover is
increasing. At this point mulch is no longer needed to stabilize the soil.
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She rejected the criterion related to fuel increase, and she added two more criteria in the predefined
list. a) 'Technical knowledge related to implementation', indicated mainly by the level of Availability
of trained/experienced workforce b) ‘Willingness to apply from local authorities and owners’.
Table 18:Criteria table-Participant 8
Selection criteria for post-fire
management techniques

Indicators

Cost

Material( seeds, fertilizers, mulches, wood, stones
etc)
Labor
Transport (of materials,equipment and people)
Equipment of application
Preparation time and transport time (of
materials,equipment
and
people)
Time needed for application

Time
(of
application
completion after fire event)

Notes

Compatibility
Land
usemanagement techniques
Effectiveness

% of soil erosion decrease

Effects on carbon storageprotection of som, soil quality

Ability to protect the soil organic carbon from
erosion

Risk of enhancing invasive
vegetation growth

Risk of containing exotic seeds

Risk of inhibiting
vegetation growth

-Whether it is shown to have a negative effect on
native plant germination and growth

only if you apply very large
application rate-cover

Longevity

Weight- Risk of being
Attraction of grazing animals

we want it to be there while it is
needed- if vegetation recovers
fast this is not an important
criterion

Technical knowledge related to
implementation

Availability of trained/experienced workforce, how
much it is applied already

Willingness to apply from local
authorities and owners

Acceptability

desired

blown

by

wind

Participant no. 9
Participant no. 9 is active in forest management groups of a regional government in Spain. Therefore,
he was highly knowledgeable when it came to practical issues. He stressed that mulching is the most
effective measure against post-fire stabilization. According to his experience from this area,
agricultural straw mulch is highly available, light, and effective. The only disadvantage that he
mentioned is that high quantity is needed relatively to other mulch materials.
He also stressed the importance of predefined protocols for emergency stabilization: in his agency the
area prioritization protocol takes under account mainly the slope (the threshold that indicates high
slope is 40%) and distance from streams.

Participant no. 10
Participant no. 10 is also professionally active in Spanish regional government. She emphasized that
land ownership status is a crucial factor that determines permission acquiring processes, funding, and
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social acceptance. Moreover, she said that soil burn severity is one of the most important indicators
to be taken under account when targeting areas; the higher the soil burn severity, the higher the need
for emergency measure application. According to her, the protocols that are in use consider the soil
burn severity status of each area, and not the vegetation burn severity status. That is because soil
infiltration capacity, aggregate stability, ash presence, etc. are dependent on the intensity of the fire
at ground level. For example, when a fire affects mainly the crown of the trees, soil characteristics and
ground cover are much less affected.
She added that there is no significant risk of mulch taken away by wind or rain, if the application rate
is adequate, e.g., 2.5-3 ton/ha.

Participant no. 11
Participant no. 11 is an expert on plant physiology, but his insights were not limited to biophysical
matters. One of the issues that he stressed was that erosion is causing loss of fertility. Fertility (or “soil
productivity”) is directly related to the quantity of topsoil that remains on place.
Coming to mulching techniques, he mentioned that mulching is a stabilization technique different than
others because its function is to prevent erosion from happening, instead of collecting eroded
sediment downstream. One of the reasons that impede the wide acceptance of mulching is that its
effects are not “spectacular” or “evident”, especially when its application is delayed. He stated that
this is one of the factors that lessen the willingness to apply mulch. According to him, lack of
willingness, not lack of technical knowledge is the core of the problem.
According to the interviewee’s experience, the risk of increasing forest fuel by mulching is not a
significant issue. Also, when it comes to straw, there is a very low risk of it being washed off by intense
rainfall. However, forest plant residues are ideal for increasing the levels of soil organic matter.

Participant no 12
Participant no 12, as a microbiologist, spoke with much emphasis on the microbiological attributes of
the fire affected soil and the effects of mulching on soil biota. More specifically, she spoke about the
importance of Carbon to Nitrogen ratio (C:N) and the mulch material decomposition time for the
communities of soil biota.
After a fire, microbial communities are easily regenerated, unlike fungal communities. High C:N ratio
amendments favor fungi growth; therefore, this characteristic of mulch is a factor that should be taken
under account when applying mulch.
Furthermore, the interviewee elaborated on seeding techniques: seeding is not to be implemented
without mulch amendments. That is because the germination and growth of the seeds are stimulated
by moisture and rainfall. Vegetation cannot produce a sufficient soil cover before the first rainfalls of
autumn, which means mulch is necessary. Moreover, according to her experience in Spain, soil seed
banks are not negatively affected by wildfires. Therefore, restoration activities should not focus on
planting new seeds.
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Participant no. 13
Participant no. 13 is an expert on post- fire management related policies. She explained how land
ownership status affected acquiring permission, coordination, and implementation of actions. She
elaborated on the lack of structured strategy, e.g., in the form of predefined protocols in Portugal. She
mentioned that the priorities of the authorities and the stakeholders are fire prevention and combat.
She explained that the post-fire actions in Portugal are problematic because of the procedures that
determine them. After a fire that exceeds a specific number of hectares takes place, ICNF conducts a
report and waits for proposals made by the individual associations, owners, or municipal land
managers. The proposed actions can be fragmented across the landscape, since area targeting is based
on land ownership instead of criteria related to the effectiveness of the technique.

Participant no. 14
Participant no. 14 is working on matters of nature conservation is Portugal. He offered some insights
about the structural political, economic, and cultural obstacles for a more sustainable post-fire
management. He explained how top-down policy strategies are rendering nature conservation
challenging; for example, there is an abundance of subsidies connected to economical exploitation of
the forest for lumber, but very few subsidies that fund post-fire soil protection measures.
Regarding the criteria table, he rejected the criterion related to the increase of forest fire probability
and added two more criteria to the pre-defined list: “Proximity to material source” and “Willingness
(and readiness) of stakeholders to apply the technique”.
Table 19:Criteria table-Participant 14
Selection criteria for mulching techniques
Cost

Time (of application completion after
event)

fire

Effectiveness

Indicators
Material( seeds, fertilizers, mulches, wood, stones etc)
Labor
Transport
(of
materials,equipment
and
people)
Equipment of application
Preparation time and transport time (of materials,equipment and
people)
Time needed for application
% of soil erosion decrease at time of application

Risk of soil compaction

Whether machinery will have to go off-road for material collection or
application

Enhancing carbon storage capacity

Ability to protect the soil organic carbon from erosion

Risk of enhancing invasive vegetation growth

Risk of containing exotic seeds

Longevity

Weight (High Risk of being blown by wind) and decomposition rate

Requiring low technical knowledge

Availability of workers that have te necessary expertise

Proximity to material source

Distance of material source
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Willingness of staeholders to apply

Readiness of local stakeholders to apply the technique

Participant no. 15
The fifteenth participant is working in Spain as a researcher of Geography and Planning. He provided
useful information in issues of theory and practice. He introduced ash color as a relevant criterion to
area prioritization; the level of toxicity and disturbance is understood through ash inspection. In many
cases, it is better to leave the soil undisturbed and allow ashes to be incorporated by time. He also
mentioned the slope degree and aspect as factors that influence area targeting decisions.
Furthermore, he stated that most studies are focusing on fire affected soils chemical properties rather
than its physical ones. Compaction for example is, according to him, not studied thoroughly enough.
When it came to the criteria for mulching technique selection, he rejected the criterion related to
forest fuel increase as well as the criterion about impedance of vegetation growth. He added the
following three criteria on the table a) Requirement on technical knowledge, b) Willingness of
stakeholders to apply, and c) Impact on soil fertility
Table 20:Criteria table-Participant 15
Selection criteria for mulching techniques

Indicators

Cost

Material( seeds, fertilizers, mulches, wood, stones etc)
Labor
Transport
(of
materials,equipment
and
people)
Equipment of application
Preparation time and transport time (of materials,equipment and
people)
Time needed for application
% of soil erosion decrease at time of application

Time (of application completion after
event)

fire

Effectiveness
Risk of soil compaction

Whether machinery will have to go off-road for material collection or
application

Enhancing carbon storage capacity

Ability to protect the soil organic carbon from erosion

Risk of enhancing invasive vegetation growth

Risk of containing exotic seeds

Longevity

Weight (HighrRisk of being blown by wind) and decomposition rate

Requiring low technical knowledge

Availability of workers that have te necessary expertise

Proximity to material source

Distance of material source

Willingness of stakeholders to apply

Readiness of local stakeholders to apply the technique

Positive impact to soil fertility
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Participant no. 16
The sixteenth participant is a researcher in Spain who is experienced in measurements of erosion rates
in experimental conditions.
He stressed the importance of soil burn severity indicators when assessing the effects of fire in an
area. An interesting insight is that it is often observed that moderately burned soils show higher water
repellency substances than highly burnt soils, since the temperature destroyed the repellent
substances.
According to his experience, the risk of promoting the growth of invasive vegetation by mulching is
not an issue. Compaction on the other hand could be an issue if heavy machinery is used. He did not
reject the idea of the risk of increase of fuel in a forest by mulching. He expressed the importance of
evaluation of every action and its implications on fuel increase.

Participant no. 17
Participant no. 17, due to language obstacles, completed the written part of the interview. He
accepted the predefined list and added the criterion of “Participation in application”. That is
connected to how much the public can be involved in applying the technique. In his experience, the
engagement of volunteers lessened the measure’s cost. Also, the active participation he experienced
lessened the time needed to mulch the targeted areas.
Table 21:Criteria table-Participant 17
Selection
criteria
for
mulching
techniques
Cost

Time
(of
application
completion
after fire event)

Indicators

Material(
seeds,
fertilizers,
mulches, wood, stones etc)
Labor
Transport
(of
materials,equipment and people)
Equipment of applcation
Preparation time and transport
time (of materials, equipment
and
people)
time needed for applicationwhether contractors are hired

Effectiveness

% of soil erosion decrease

Risk of soil
compaction

Whether machinery will have to
go off-road for material collection
or application
Ability to protect the soil organic
carbon from erosion

Effects
on
carbon storage

Notes

As these actions are usually carried out by the administration, a
factor that I see as important in the speed of action is whether
you have your own means (qualified personnel and material) or if
you hire companies. In the case of Galicia, the fire service does
not have personnel trained in these tasks or equipment such as
the BAERS in the USA. This work of BAER is carried out by research
personnel from Lourizan, but when there are many fires they do
not give a wide berth. As they do not have personnel specialized
in applying the mulch, companies are hired and this supposes a
delay of up to three months because there is a lot of bureaucracy
to have money available. With our own personnel it takes less
time, in the case of --- and with Volunteers we only took two
weeks to apply the mulch, but the administration took more than
3 months to act in the area.
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Risk
enhancing
invasive
vegetation
growth
Risk
inhibiting
desired
vegetation
growth
Longevity

of

Risk of containing exotic seeds

of

-Whether it is shown to have a
negative effect on native plant
germination and growth

Risk
of
enhancing
wildfire danger
Participation in
application

-Weight- Risk of being blown by
wind
-Attraction of grazing animals
Flammability of material

The factors that influenced the speed and efficiency were the
presence at that time of people with training and enthusiasm (--) and the active participation of the local administration (Mayor).
The factors that influencing public acceptance and participation I
think was in the local population having lived through the fire and
in volunteers from other areas their sensitivity to the natural and
human damage of the fires. The involvement of the mayor at all
times also weighed heavily in the participation of the local people.

Participant no. 18
He also completed the written part of the interview. He accepted the written list and added three new
criteria to the table a) “Accessibility”, which is the easiness to approach an area due to its proximity
to the road network, b) “Acceptance”, or the willingness of the society to use mulching, c) “Social
Governance”, which is about the structure and strength of institutions, organizations etc. to make
decisions and implement actions. Also, it is related to how they interact with each other and with the
wider public.
Table 22:Criteria table-Participant 18
Selection criteria for mulching techniques

Indicators

Cost

Material( seeds, fertilizers, mulches, wood, stones etc)
Labor
Transport (of materials, equipment and people)
Equipment of application
% of soil erosion decrease

Effectiveness
Time (of application completion after fire event)

Risk of soil compaction

Preparation time and transport time (of materials,
equipment
and
people)
Time needed for application
Whether machinery will have to go off-road for material
collection or application, or post-fire logging

Effects on carbon storage

Ability to protect the soil organic carbon from erosion

Risk of enhancing invasive vegetation growth

Risk of containing exotic seeds

Risk of inhibiting native/desired vegetation growth

-Whether it is shown to have a negative effect on native
plant germination and growth
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Risk of enhancing wildfire danger

Flammability of material

Longevity

-WeightRisk
of
being
-Attraction of grazing animals

Accesibility

Easiness of application due to the road network

Acceptance

How the technique is accepted by society (If they are
willing to use).

Social governance

How the different social actors interacts, if there is a
democratic network between neighbors and if they are
organized in many social institutions. If the problems of
the society can be addressed through not only by the
local government, but also forest, agriculture, touristic
associations and other social partners are involved
(Forest technicians, Education institutions, forestry
companies, private and public sectors).

blown

by

wind

Table 23: All social criteria added by the participants
Participant no.
1

Criterion name
Acceptance

1

Social governance

1

Local communities

2

Social acceptance

2
2

Institutinal- Policy support
Technological knowledge

Notes from participant
How the technique is accepted by
society (If they are willing to use).
How the different social actors
interact, if there is a democratic
network between neighbors and
if they are organized in many
social institutions. If the problems
of the society can be addressed
through not only by the local
government, but also forest,
agriculture, touristic associations
and other social partners are
involved (Forest technicians,
Education institutions, forestry
companies, private and public
sectors).
Besides official mulching
applications by the Forestry
Services we believe that local
initiatives can also help a lot
because they can be very fast and
efficient as recently
demonstrated by the paper of
Prats et al (2022). Organization of
the population in associations or
agrupations will facilitate
coordination and operativeness.
Potential adoption from forest
owners (eg. % of forest owners
already applying)
Existence of funds
Need for machinery not
commonly used
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3

Acceptannce

5

Knowledge

6
6

17

Communication
Institutional-bureaucratic
procedures
Willingness to apply from local
authorities and owners
Readiness of local stakeholders to
apply the technique
Requiring low technical
knowledge
Availability of workers that have
te necessary expertise
Willingness of stakeholders to
apply
Readiness of local stakeholders to
apply the technique
Participation in application

17

Acceptance

18

Social governance

8
8
15
15
15
15

Due to research being recentknowledge is not widely
communicated.
Maybe knowledge exist but
farmer/company/stakeholder
does not know how to implement
mulching.

Acceptability

The factors that influenced the
speed and efficiency were the
presence at that time of people
with training and enthusiasm (---)
and the active participation of the
local administration (Mayor).
How the technique is accepted by
society (If they are willing to use).
How the different social actors
interacts, if there is a democratic
network between neighbors and
if they are organized in many
social institutions. If the problems
of the society can be addressed
through not only by the local
government, but also forest,
agriculture, touristic associations,
and other social partners are
involved (Forest technicians,
Education institutions, forestry
companies, private and public
sectors).
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Annex 2: RUSLE C-Factor
The first column of the following table shows the land use classes, as they appear in the map files
downloaded from DGT (Serviço de Descarregamento ATOM da Direção-Geral do Territorio3). The
second column is the categorization of these classes in wider categories according to the Corine
nomenclature (CORINE Land Cover Nomenclature Conversion to Land Cover Classification System,
n.d.). The third column is the given C-factor for each class, for the unburned scenario. The C-factors
are a product of the recommendations from Panagos et al. (2015) and Parente et al. (2022), mixed
with rational estimations based on cover and management implied by each land use.
Description in Portuguese

Interpretation in English

1.1.1.01.1
Tecido
urbano
contínuo
predominantemente vertical
1.1.1.02.1
Tecido
urbano
contínuo
predominantemente horizontal
1.1.1.03.1 Áreas de estacionamentos e
logradouros
1.1.2.01.1 Tecido urbano descontínuo
1.1.2.02.1 Tecido urbano descontínuo esparso
1.2.1.01.1 Indústria
1.2.1.02.1 Comércio

Continuous urban fabric

C
Factor
(unburned)
0.005

Continuous urban fabric

0.005

Continuous urban fabric

0.005

Discontinuous urban fabric
Discontinuous urban fabric
Industrial or commercial units
Industrial or commercial units

0.010
0.010
0.010
0.010

1.2.1.03.1 Instalações agrícolas
1.2.1.04.1 Equipamentos públicos e privados
1.2.1.05.2 Infra-estruturas de produção de energia
não renovável
1.2.1.06.1
Infra-estruturas
de
captação,
tratamento e abastecimento de águas para
consumo
1.2.1.07.1 Infra-estruturas de tratamento de
resíduos e águas residuais
1.2.2.01.1 Rede viária e espaços associados

Industrial or commercial units
Industrial or commercial units
Industrial or commercial units

0.010
0.010
0.010

Industrial or commercial units

0.010

Industrial or commercial units

0.010

1.2.2.02.1 Rede ferroviária e espaços associados
1.2.3.02.1 Estaleiros navais e docas secas
1.2.3.03.1 Marinas e docas pesca
1.2.4.02.1 Aeródromos
1.3.1.02.1 Pedreiras
1.3.2.02.1 Lixeiras e Sucatas

3

Road and rail networks
associated land
Road and rail networks
associated land
Port areas
Port areas
Airports
Mineral extraction sites
Dump sites

and

0.010

and

0.010
0.010
0.010
0.010
0.100
0.100

1.3.3.01.1 Áreas em construção
1.3.3.02.1 Áreas abandonadas em territórios
artificializados
1.4.1.01.1 Parques e jardins

Construction sites
Sport and leisure facilities

0.100
0.020

Green urban areas

0.020

1.4.1.02.1 Cemitérios
1.4.2.01.1 Campos de golfe
1.4.2.01.2 Outras instalações desportivas
1.4.2.02.1 Parques de campismo
1.4.2.02.2 Outros equipamentos de lazer

Green urban areas
Green urban areas
Sport and leisure facilities
Sport and leisure facilities
Sport and leisure facilities

0.020
0.020
0.020
0.020
0.020

ilicaedjojicckapfpfdoakbehjpfkah/subscribe.html?http%3A%2F%2Fmapas.dgterritorio.pt%2Finspire%2Fato
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1.4.2.03.1 Equipamentos culturais e zonas
históricas
2.1.1.01.1 Culturas temporárias de sequeiro
2.1.1.02.1 Estufas e Viveiros
2.1.2.01.1 Culturas temporárias de regadio
2.1.3.01.1 Arrozais
2.2.1.01.1 Vinhas
2.2.1.02.1 Vinhas com pomar

Sport and leisure facilities

0.020

Non-irrigated arable land
Industrial or commercial units
Permanently irrigated land
Rice fields
Vineyards
Vineyards

0.200
0.010
0.200
0.050
0.331
0.331

2.2.2.01.1 Pomares de frutos frescos
2.2.2.01.2 Pomares de amendoeira
2.2.2.01.4 Pomares de alfarrobeira
2.2.2.01.5 Pomares de citrinos
2.2.2.01.6 Outros pomares
2.2.2.02.5 Pomares de citrinos com vinha
2.2.2.03.1 Pomares de frutos frescos com olival

Fruit trees and berry plantations
Fruit trees and berry plantations
Fruit trees and berry plantations
Fruit trees and berry plantations
Fruit trees and berry plantations
Fruit trees and berry plantations
Fruit trees and berry plantations

0.221
0.221
0.221
0.221
0.221
0.221
0.221

2.2.2.03.2 Pomares de amendoeira com olival
2.2.2.03.4 Pomares de alfarrobeira com olival
2.2.2.03.5 Pomares de citrinos com olival
2.2.3.01.1 Olivais
2.2.3.03.1 Olivais com pomar
2.3.1.01.1 Pastagens permanentes

Fruit trees and berry plantations
Fruit trees and berry plantations
Fruit trees and berry plantations
Olive groves
Olive groves
Pastures

0.221
0.221
0.221
0.222
0.222
0.103

2.4.1.01.1 Culturas temporárias de sequeiro
associadas a vinha
2.4.1.01.2 Culturas temporárias de sequeiro
associadas a pomar
2.4.1.01.3 Culturas temporárias de sequeiro
associadas a olival
2.4.1.03.1 Pastagens associadas a vinha
2.4.1.03.2 Pastagens associadas a pomar
2.4.1.03.3 Pastagens associadas a olival
2.4.2.01.1 Sistemas culturais e parcelares
complexos
2.4.3.01.1 Agricultura com espaços naturais e
semi-naturais

Non-irrigated arable land

0.200

Non-irrigated arable land

0.200

Non-irrigated arable land

0.200

Pastures
Pastures
Pastures
Complex cultivation patterns

0.103
0.103
0.103
0.143

Land principally occupied by
agriculture, with significant areas of
natural vegetation
Agroforestry-cork oak and nonirrigated crops
Agroforestry-holm oak and nonirrigated crops
Agroforestry-cork oak and pastures
Agroforestry-holm oak and pastures

0.143

Agroforestry-pine and pastures
Agroforestry-other species and
pastures
Agroforestry-sclerophyllus
and
pastures
Agroforestry-mixed
Agroforesty-cork
oak
with
permanent crops

0.052
0.053

2.4.4.01.1 SAF de sobreiro com culturas
temporárias de sequeiro
2.4.4.01.2 SAF de azinheira com culturas
temporárias de sequeiro
2.4.4.03.1 SAF de sobreiro com pastagens
2.4.4.03.2 SAF de azinheira com pastagens
2.4.4.03.4 SAF de pinheiro manso com pastagens
2.4.4.03.5 SAF de outras espécies com pastagens
2.4.4.03.6 SAF de sobreiro com azinheira com
pastagens
2.4.4.03.7 SAF de outras misturas com pastagens
2.4.4.04.1 SAF de sobreiro com culturas
permanentes

0.101
0.101
0.053
0.053

0.053
0.053
0.101
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2.4.4.04.4 SAF de pinheiro manso com culturas
permanentes
2.4.4.04.6 SAF de sobreiro com azinheira com
culturas permanentes
3.1.1.01.1 Florestas de sobreiro
3.1.1.01.2 Florestas de azinheira
3.1.1.01.4 Florestas de castanheiro

Agroforesty-pine with permanent
crops
Agroforesty-sclerophyllus
with
permanent crops
Oak forest
Oak forest
Chestnut forest

0.101

3.1.1.01.5 Florestas de eucalipto
3.1.1.01.6 Florestas de espécies invasoras
3.1.1.01.7 Florestas de outras folhosas
3.1.1.02.1 Florestas de sobreiro com folhosas
3.1.1.02.5 Florestas de eucalipto com folhosas
3.1.1.02.6 Florestas de espécies invasoras com
folhosas
3.1.2.01.1 Florestas de pinheiro bravo
3.1.2.01.2 Florestas de pinheiro manso
3.1.2.02.1 Florestas de pinheiro bravo com
resinosas
3.1.2.02.2 Florestas de pinheiro manso com
resinosas
3.1.3.01.1 Florestas de sobreiro com resinosas
3.1.3.01.5 Florestas de eucalipto com resinosas
3.1.3.01.6 Florestas de espécies invasoras com
resinosas
3.1.3.01.7 Florestas de outra folhosa com
resinosas
3.1.3.02.1 Florestas de pinheiro bravo com
folhosas
3.1.3.02.2 Florestas de pinheiro manso com
folhosas
3.2.1.01.1 Vegetação herbácea natural

Eucalyptus forest
Forests of invasive species
Forests of other hardwoods
Mixed oak forest
Mixed eucaluptys forest
Forests of invasive species with
hardwoods
Pine forest
Pine forest
Pine forest

0.003
0.003
0.002
0.002
0.003
0.003

Pine forest

0.001

Mixed pine and oak forest
Mixed eucalyptus an coniferous
Forests of invasive species with
resinous
Forests of another hardwood with
resinous
Mix of pine and broadleaf

0.001
0.003
0.003

Mix of pine and broadleaf

0.001

Natural grasslands

0.049

3.2.3.01.1 Vegetação esclerófita densa
3.2.3.02.1 Vegetação esclerófita pouco densa
3.2.4.01.1 Florestas abertas de sobreiro
3.2.4.01.2 Florestas abertas de azinheira
3.2.4.01.5 Florestas abertas de eucalipto
3.2.4.01.7 Florestas abertas de outras folhosas

Dense shrubland
Shrubland
Open forest-oak
Open forest-oak
Open forest-eucalyptus
Open forest-other

0.001
0.002
0.003
0.003
0.006
0.003

3.2.4.02.1 Florestas abertas de sobreiro com
folhosas
3.2.4.02.2 Florestas abertas de azinheira com
folhosas
3.2.4.02.5 Florestas abertas de eucalipto com
folhosas
3.2.4.02.7 Florestas abertas de outra folhosa com
folhosas
3.2.4.03.1 Florestas abertas de pinheiro bravo
3.2.4.03.2 Florestas abertas de pinheiro manso
3.2.4.03.3 Florestas abertas de outras resinosas

Open forest-other

0.003

Open forest-other

0.003

Open forest-other

0.006

Open forest-other

0.003

Open forest-pine
Open forest-pine
Open forest-pine

0.002
0.002
0.002

3.2.4.04.1 Florestas abertas de pinheiro bravo com
resinosas

Open forest-pine

0.002

0.101
0.002
0.002
0.002

0.001
0.001
0.001

0.002
0.001
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3.2.4.04.2 Florestas abertas de pinheiro manso
com resinosas
3.2.4.05.1 Florestas abertas de sobreiro com
resinosas
3.2.4.05.2 Florestas abertas de azinheira com
resinosas
3.2.4.05.5 Florestas abertas de eucalipto com
resinosas
3.2.4.05.6 Florestas abertas de espécies invasoras
com resinosas
3.2.4.05.7 Florestas abertas de outra folhosa com
resinosas
3.2.4.05.8 Florestas abertas de misturas de
folhosas com resinosas
3.2.4.06.1 Florestas abertas de pinheiro bravo com
folhosas
3.2.4.06.2 Florestas abertas de pinheiro manso
com folhosas
3.2.4.08.5 Cortes rasos de florestas de eucalipto

Open forest-pine

0.002

Open forest-other

0.003

Open forest-other

0.003

Open forest-other

0.006

Open forest-other

0.006

Open forest-other

0.003

Open forest-other

0.003

Open forest-other

0.002

Open forest-other

0.002

Cut forest

0.006

3.2.4.08.7 Cortes rasos de florestas de outras
folhosas
3.2.4.09.1 Cortes rasos de florestas de pinheiro
bravo
3.2.4.10.1 Novas plantações de florestas de
sobreiro

Cut forest

0.003

Cut forest

0.002

New
plantations-sclerophyllus
(considered as forested land
because the land use map was
created after the 2003 fire)
New
plantations-sclerophyllus
(considered as forested land
because the land use map was
created after the 2003 fire)
New
plantations-eucaluptus
(considered as forested land
because the land use map was
created after the 2003 fire)
New plantations-other broadleaf
(considered as forested land
because the land use map was
created after the 2003 fire)
New
plantations-coniferous
(considered as forested land
because the land use map was
created after the 2003 fire)
New
plantations-coniferous
(considered as forested land
because the land use map was
created after the 2003 fire)
New
plantations-coniferous
(considered as forested land
because the land use map was
created after the 2003 fire)
Nurseries (considered as forested
land because the land use map was
created after the 2003 fire)
Sparsely vegetated areas

0.003

3.2.4.10.2 Novas plantações de florestas de
azinheira

3.2.4.10.5 Novas plantações de florestas de
eucalipto

3.2.4.10.7 Novas plantações de florestas de outras
folhosas

3.2.4.11.1 Novas plantações de florestas de
pinheiro bravo

3.2.4.11.2 Novas plantações de florestas de
pinheiro manso

3.2.4.11.3 Novas plantações de florestas de outras
resinosas

3.2.4.12.1 Viveiros florestais

3.2.4.13.1 Aceiros e/ou corta-fogos

0.003

0.006

0.003

0.002

0.002

0.002

0.030

0.001
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3.3.1.01.1 Praias, dunas e areais interiores
3.3.1.02.1 Praias, dunas e areais costeiros
3.3.2.01.1 Rocha nua
3.3.3.01.1 Vegetação esparsa

Beaches, dunes, sands
Beaches, dunes, sands
Bare rocks
Sparsely vegetated areas

0.050
0.050
0.001
0.286

4.1.1.01.1 Paúis
4.2.1.01.1 Sapais
4.2.2.01.1 Salinas
4.2.2.02.1 Aquicultura litoral
5.1.1.01.1 Cursos de água naturais
5.1.2.01.1 Lagos e lagoas interiores artificiais

Peat bogs
Intertidal flats
Salt marshes
Water bodies
Water courses
Water bodies

0.000
0.005
0.005
0.000
0.000
0.000

5.1.2.01.2 Lagos e lagoas interiores naturais
5.1.2.02.1 Reservatórios de barragens
5.1.2.03.1 Reservatórios de represas ou de açudes
5.1.2.03.2 Charcas
5.2.1.01.1 Lagoas costeiras
5.2.2.01.1 Desembocaduras fluviais

Water bodies
Water bodies
Water bodies
Water bodies
Coastal lagoons
Estuaries

0.000
0.000
0.000
0.000
0.000
0.000
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Annex 3: The concept of Sediment Connectivity and its implementation
in ArcGIS Pro
In a sense, Connectivity illustrates material pathways. It is used to compare the source-sink connection
degrees of different points within a catchment. There are several ways to classify Connectivity. For
example, in line with Bracken & Croke, (2007) there are three main types of Connectivity according to
the material that is transferred: (i) “landscape” (ii) “hydrological”, and (iii) “sedimentological”
Connectivity. Another classification involves a distinction between statical and dynamic conceptions,
calling them “structural” (relating to surface conditions) or “functional” (relating to processes)
Connectivity (Baartman et al., 2020; Shakesby et al., 2016).
To translate Connectivity’s qualitative estimates to comparable indicators we use the concept of
Connectivity Index (Najafi et al., 2021). In this study, the Connectivity Index (IC) as described in Borselli
et al. (2008) is used to measure structural Connectivity. The Index is a function of two components:
the amount of material that exists in a source point A (upslope component) and the weighted distance
from A to a sink point B (downslope component). Point A is any point in a catchment for which we
assign a connectivity value. The source points in this case are the water streams of the catchment.
Point B is the first location on a stream reached by the sediment exported by each point A.

Sediment Connectivity Index (IC) in ArcGIS Pro
Input data:
elevation (DEM_25m), C-factor shapefile (C_burned), roads (road_network), Water bodies (---)
Computation:
1) Slope without value lower than 0.05
a) Calculate Slope from the Spatial Analyst toolbar (Percent rise), name the new theme
Slope_dem_sc1.
b) Select Raster Calculator from the Spatial Analyst toolbar, build an expression:
"%Slope_dem_sc1%" <= 0.005. Name the new theme S1
c) Select Rater Calculator. Build the expression ( ("%S11%" == 0) * "%Slope_dem_sc1%") +
("%S1%" * 0.005)
2) Target points
2nd scenario:
a) create a raster map of water bodies from the Spatial Analyst toolbar, (Conversion toolspolyline to raster)
b) give 0 value to water bodies and value 1 to other area from the Spatial Analyst toolbar, select
Reclassify. Name the new theme rivers_raster1
3rd scenario:
a) create a raster map of road netork from the Spatial Analyst toolbar, (Conversion tools-polyline
to raster)
b) give 0 value to roads and value 1 to other area from the Spatial Analyst toolbar, select
Reclassify. Name the new theme roads_raster1
4.

Flow Direction (2nd scenario)
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a) Run Flow Direction from Spatial Analyst, with DEM layer. Name the result flowdir.
b) Build an expression in Raster Calculator: "%”rivers_raster1%"* "%flowdir “%. give the new
theme name RIVERDIRMASK
c) Run Flow Accumulation([RIVERDIRMASK). Name the new theme RIVERACCMASK1
5.

Flow Accumulation without null value (2nd scenario)
a) Select Raster Calculator and build an expression: "%RIVERACCMASK1%"+1. Give the new
theme name ACCFinalRi

6.

Computation of downslope component, Ddn (2nd scenario)
a) Select Raster Calculator and build an expression: 1/( "%C_burned%"* "%S1%"). Name the new
theme inv_CS
b) Run flow length (RIVERDIRMASK), downstream. With input weight raster: inv_CS. Name the
new theme X
c) Select Raster Calculator build an expression: (("%X%" ==0)* "% inv_CS %")+ "%X%"
d) Name the resulting layer Ddn

4. Computation of Dup component (2nd scenario)
a) Run Flow accumulation (RIVERDIRMASK), weight raster: C_burned. Name the result
FlowAcc_river1.
b) Run Flow accumulation (RIVERDIRMASK), weight raster: S. Name the result
FlowAcc_river2.
c) Select Raster Calculator build an expression: ("%FlowAcc_river1%" +"%C_Burned%" ) / "%
ACCFinalRi %".Name the result Cmeanriv
d) Select Raster Calculator build an expression: ("%FlowAcc_river2%" +"%S%" ) / "%
ACCFinalRi %". Name the result Smeanriv
e) Select Raster Calculator build an expression: "%Smean_ri%"* "%Cmean_ri%"*
SquareRoot("%ACCFinalRi %"*625). 625 is our pixel size. Name the result Dup.
5. Computation of IC (2nd scenario)
a) Select Raster Calculator and build an expression: Log10("%Dup%"/"%Ddn%")
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Annex 4: Range and average values of RUSLE inputs for each erosion
rate risk class
The following charts show ranges and average values for each RUSLE input factor, shown for each
resulting erosion risk class. They are illustrated in order to investigate potential sensitivities of RUSLE.
We can see in the graphs that mean values tend to increase for increasing erosion classes. But that is
not always the case. For example, the C-factor value decreases across the last two classes, the K-factor
value remains the same across all classes and the R-factor slightly fluctuates.
The range is always decreasing, which is expected because as erosion rates increase their
corresponding areas are much smaller. The upper limit of the values tends to decrease as well,
especially for the last two erosion classes with corresponding very small areas. The only exception is
the LS-factor.

C-Factor value (-)

Overall, from the charts we can conclude that the very high erosion rates are mainly calculated
because of high LS-factors. It could also be surveyed whether pixels that are corresponding to high
classes have high values for most, if not all, the factors.
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Figure 22:Range values and mean value of C-factor for each erosion risk class
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Figure 23:Range values and mean value of K-factor for each erosion risk class
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Figure 24:Range values and mean value of R-factor for each erosion risk class
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Figure 25:Range values and mean value of LS-factor for each erosion risk class
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Annex 5: Comparison between RUSLE and MMF results published by
JRC
To compare the results of RUSLE with the results of a published modelling study, I downloaded the
results from (Parente et al., 2022) which are published in the JRC website (Soil Erosion by Water
(RUSLE2015) - ESDAC - European Commission, 2015). In this work, the MMF model was used to
estimate the annual post-fire erosion rates in Portugal for a thirty-eight-year period. I calculated the
difference of the two datasets by subtracting the results of the MMF model from the corresponding
results of the RUSLE model. The resulting layer’s pixel values have the following characteristics:
Mean: -2.68 Mg ha-1 yr-1

Min: -10.35 Mg ha-1 yr-1

Std. Dev.: 1.47 Mg ha-1 yr-1/

Max: 136.50 Mg ha-1 yr-1

We can see in Figure 26-28 that MMF mainly estimated higher values than RUSLE. The areas that
corresponded to very high erosion rates by RUSLE are the exception. Those are mainly located in the
mountainous region, where the LS-factors are higher. We can also see that for the majority of pixels
the comparison of the two models follows an almost normal distribution. That means that we could
potentially compare the values used for each model and calibrate them for RUSLE to reach a similar
result.
However, it should be noted that the fire intensities levels for the two models are different, which
affects the result of the comparison.

Figure 26: Histogram of the layer that was produced by the equation Erosion RUSLE-ErosionMMF

Figure 27: Detail of histogram shown in Figure 26
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Figure 28: Layer that was produced by the equation ErosionRUSLE-ErosionMMF. (Legend units: Mg ha-1 yr-1)
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Annex 6: Distances of prioritized areas from target points (Scenarios 2&
3)
As expected, the areas targeted using SDR have a smaller average distance from the feature used as
targets. However, there are targeted areas in each scenario located far from their target feature.
That is because many other parameters are involved in the equations. We can see that when the
scenario prioritizes areas of very high sediment export (Water 10 and Soil 10), the correlation
between the count of pixels with distance from SDR target is not that clear. That phenomeno is more
visible for the Roads 10 scenario. The following histograms show the count (pixels) of prioritized
areas that belong to different classes according to their distance from their SDR target (water bodies
for Water 1 and Water 10 and regional road infrastructure for Road 1 and Road 10).

Figure 29: Histogram of raster depicting distances of prioritized areas from target points (Scenario Water 1)

Figure 30: Histogram of raster depicting distances of prioritized areas from target points (Scenario Water 10)
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Figure 31: Histogram of raster depicting distances of prioritized areas from target points (Scenario Roads 1)

Figure 32: Histogram of raster depicting distances of prioritized areas from target points (Scenario Roads 10)

