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1 Introduction: resistance and resilience

The overall objective of this report is to identify the ecological factors that influence
the capacity of forest stands and landscapes to withstand extreme and high-intensity
wildfires in European area. Fire-resistant forests are those that are able to mitigate the
spread and intensity of a fire event. As a result, they show lower post-fire impacts (with
exceptions such as underground fires that have limited spread and intensity (kW m™) but
high impacts). Fire-resilient forests are those that are able to return to a state of
equilibrium (i.e., recover) after the fire event (i.e., species and functions recover after the
fire).

Resistance has been considered a component or integral part of resilience in several
studies (Hodgson et al., 2015; Lloret et al., 2011). In these studies, the two concepts are
considered related, but also clearly measurable components of ecosystem responses to
disturbance (Sanchez-Pinillos et al., 2019). As stated in the review of the use of resilient
concepts in forest science by Nikinmaa et al., (2020), some authors prefer to integrate
resistance into the concept of resilience (Folke et al.,, 2010) while others advocate
separating the two concepts to provide conceptual clarity and better operationalize
resilience (Derose & Long, 2014). To better operationalize resilience in the field, we
separate the two concepts here, assuming that the two are interrelated. In this sense,
resistance and resilience need to be assessed at both stand and landscape levels, and
both levels should be considered when formulating goals and designing and
implementing agrosilvicultural systems to build resistance and resilience (Derose & Long,
2014) (Box 1).

Box 1 Definitions of the concepts resistance and resilience, which are based on the frameworks
developed by Derose & Long (2014) and Nimmo et al., (2015).

Resistance: the ability of the ecological system to persist through the disturbance
event. That is, the capacity to continue providing functions and ecosystem services
immediately after the event. At the stand level, resistance could be characterized
from the influence of forest structure and composition on fire severity and
intensity. At the landscape level, resistance could be characterized from the spatial
configuration and composition of patches (e.g., fuel continuity, land cover land use
types diversity) on the rate of fire spread (Derose and Long, 2014).

Resilience: the ability of the ecological system to recover the functions and
ecosystem services that the system provided before the fire. In the case of wildfire,
resilience could be characterized as the effect of fire on subsequent forest structure
and composition (at the stand level) and on subsequent proportions of age classes
and on species dominance in the landscape (at the landscape level) (Derose & Long,
2014). Resilience depends on the characteristics of the system (e.g., diversity of
plant responses to fire), the event (e.g., intensity), and the presence of additional
stresses before and after the fire event (e.g., prolonged drought, pest outbreaks,
torrential rains, etc.).
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The relationship between resistance and resilience is a key aspect to provide insight
into the post-disturbance state and the need for restoration (Figure 1). For instance, a
system with low resistance and resilience affected by a wildfire may transition to a
degraded state with a significant loss of functions and in the provision of ecosystem
services and will require urgent restoration to mitigate the impacts. Thus, this
relationship can help to determine the post-disturbance state of an ecological unit (e.g.,
full recovery, net gain, or net loss of community species diversity) and, importantly,
whether that state is the result of a loss of resistance, a loss of resilience, or both (Nimmo
et al., 2015). This allows identification of ecological units (e.g., species, communities...)
that may require management intervention and the type of intervention required (i.e.,
whether management should prioritise building resistance, resilience, or both).

Full Net gain
recovery
|—°W§<— Resilience Resilience —) High
[}]
Q
(e
L
Net loss 0 Full

e recovery

,_
o
3

Figure 1 Post-disturbance state of an ecological unit based on the relationship between
resilience and resistance. Based on Nimmo et al. 2015.

2 Deliverable aims

The general purpose of the deliverable is to identify the factors, metrics and thresholds
associated with fuel characteristics that influence stand and landscape resistance and
resilience to EWE and high-intensity wildfire.

For each factor and its associated metrics and thresholds, we present a summary of
its impact on some of the components of fire behaviour (i.e., fire intensity, severity,

2
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spread and occurrence). The parameters and thresholds identified are the basis for
developing recommendations to build or maintaining forest fire resistance at stand and
landscape level. Therefore, this report provides the necessary information for the
elaboration of D.1.13. Basis for resilient landscapes: Recommendations and novel adaptive
management scenarios to create resilient landscapes to EWE (subtask 1.4.3) and subtask 2.1.3
Parametrization of management alternatives.

3 Methodology

The data presented in this deliverable were collected through 1) a systematic literature
review limited to European studies (with some exceptions) and 2) a questionnaire
distributed to FIRE-RES participants, foresters, and forest scientists. The main result of
this deliverable is a tabular summary with all the identified parameters and their
associated thresholds. The specific methodology used in each case can be found in
Appendices, 10.1 Literature review: search strategy and 10.2 Questionnaire.

3.1 Literature review

Based on data from the literature review, and considering the framework developed
by Derose & Long (2014), factors, metrics, and thresholds were identified and classified
in terms of their expected influence on resistance and resilience to EWE and wildfire at
two scales: stand and landscape. The review on resistance, is presented in section 4, and
on resilience in section 6.

3.2 Questionnaire on factors affecting resistant and

resilient stand and landscapes

The results of the literature review were used to design a questionnaire on the factors
and thresholds that determine the resistance and resilience of landscapes to EWE and
conventional but large and intense fires in Europe. The questionnaire also includes
questions on post-fire dynamics, which are discussed in D 1.12 Factors driving post-fire
dynamics. The objectives of the questionnaire with respect to this report are:

e Assess the relative importance of the identified resistance and resilience factors
to EWE, as we note a lack of studies on EWE.

e Assess possible differences in factors and thresholds in Northern/Central and
Southern Europe, and get expert knowledge from boreal, alpine and continental
bioregions on these topics, as studies on these regions are lacking.

The questionnaire was sent to experts from Europe and Chile in the field of wildfire. In
section 5, the results of the questionnaire on resistance are presented and in section 6
those related with resilience.
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4 Review on resistance to EWE and high-
intensity wildfires

Studies reviewed were classified according to whether the identified factor and
associated metrics primarily affect stand or landscape resistance to wildfire and which
component of fire behaviour was studied (i.e., fire intensity, severity, spread, size, and
occurrence), resulting in the schema shown in Figure 2. Fire severity is the impact of a fire
on the ecosystem that is usually estimated from the amount of plant biomass consumed
(Keeley, 2009). Hence fire severity is usually correlated with fireline intensity as the latter,
to a first order, is proportional to the amount of fuel consumed. For stand and landscape
resistance a general description of the factor follows along with an overview of the
metrics and thresholds that control a particular component of fire behaviour. For most
metrics, there are currently no known thresholds that prevent the development of EWE;
instead, values are provided for conventional or experimental fires.
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RESILIENT LANDSCAPES TO
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Total fuel load
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Canopy fuel load
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Surface fuel model
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Figure 2. Schematic representation of the factors and metrics that influence the resistance of
stands and landscapes to wildfire, and the various components of fire behaviour that are

influenced by these factors.
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4.1 Fire resistant stands

Stand resistance can be defined as the influence of stand-level fuel characteristics on
fire severity (Derose & Long, 2014) and thus, on fireline intensity, as the two are
correlated, at least above ground (Alexander & Cruz, 2012). Here, studies that analyse the
influence of stand-level fuel characteristics on either fire intensity or fire severity, or both,
have been reviewed. Fireline intensity is the rate of heat release per unit length of fire
front. It is directly proportional to fuel consumption (Alexander & Cruz, 2020), and is an
important determinant of aboveground fire severity and can be used as an indicator of
fire suppression difficulty (Alexander & Cruz, 2012).

Fire behaviour is strongly influenced by stand-level fuel characteristics. When an
ignition occurs in a forest stand, several types of wildfires can develop depending on
which layer is involved in the spread (Frandsen, 1987; Van Wagner, 1977): i) ground fires
burn duff, organic soils, and roots, ii) surface fires burn needles, leaves, grass, dead and
down branch wood and logs, low brush, and short trees and, iii) crown fires burn fuels in
the canopy. The physical characteristics of the forest structure that affect fire behaviour
are (Cruz et al., 2022):

¢ Fuel load: by layer, size class, and condition (live and dead).

e Fuel structure: includes fuel bed depth, height or thickness, bulk density or
compactness, arrangement (vertical and horizontal continuity), cover, and number
of layers involved (ground, surface, ladder, and crown).

e Fuel composition: species composition of a fuel complex influences the
arrangement and morphological and chemical characteristics of fuel particles.

4.1.1 Fuel load and structure: description and metrics
Fuel load

Fuel load is the amount of fuel expressed as dry weight of fuel per unit area, i.e., the
potential energy accumulated at the ground or/and in the canopy. In the literature, one
can find different terms related with fuel load that are sometimes confounded (Scott &
Reinhardt, 2001):

e Total biomass (kg m™): The total amount of living and dead vegetation per unit
area, including vegetation that is never consumed in a fire, such as live tree boles
and large live branches.

e Total fuel load (kg m'2): The maximum amount of fuel (live and dead) per unit area
than can be consumed in the worst-case scenario.

e Auvailable fuel (kg m2): The total amount of fuel per unit area that is consumed by
a fire, including duff, organic soils, and large woody fuel like logs.

e |n case of EWE or under the driest conditions, total fuel load and available fuel
would be the same.

The effect of fuel load and structure on fire behaviour can be studied using fire
simulation softwares. Most fire modelling systems link Rothermel (1972) for predicting
6
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surface spread rates and crown fires with models from Van Wagner (1977) for canopy fire
transition and spread. Crown fires result from the combination of different elements of
the fuel complex and fire environment (i.e., fuel, weather, and topography), and the
varying combination of these elements results in a wide range of fire behaviour in terms
of fire spread, intensity, spotting, fire type, and severity (Scott & Reinhardt, 2001).

Crown fires undoubtedly pose the greatest threat to fire suppression systems and fire
managers and depend on the succession of available fuels from the ground surface to
the canopy (Graham et al., 2004). The path that an ignition follows in a stand begins with
the surface fuel bed. Leaving apart weather and topography, the properties of the fuel
bed, particularly fuel load, determine the rate of fire spread and the intensity of fire in
the lowest layer of the forest structure with higher loads increasing fire intensity
(Rothermel, 1972). Fine fuel load, both living and dead, contribute most to fire spread as
they dry quicker and their moisture content changes dramatically depending on
environmental conditions because they have a greater surface-to-volume ratio
(Rothermel, 1972). If fire intensity at the surface is enough, and fuel structure facilitates
the transition from the surface to the crown, the load in the canopy will determine fire
behaviour. The fuel-load related metrics used in these systems are the first to be
identified in this review as important in determining fire behaviour (Box 2).

Box 2. Fuel-load related metrics used in fire simulator softwares’.

Fuel model: In fire simulator systems, fuel load is specified by choosing a set of
standard fuel models, usually the NFFL stylised fuel models developed for U.S.
vegetation (Anderson, 1981; Scott & Burgan, 2005). However, for scenarios outside
the U.S., custom fuel models are preferable because the results of fire behaviour
simulators are otherwise not very reliable. These fuel models are used by most fire
simulator systems to predict surface fire spread using Rothermel's (1972) equation.
Each fuel model is represented by a set of fuel bed properties such us load by size
classes (fine, medium, and coarse) and condition (live and dead). Dead fuels are
also divided into four timelag categories (1, 10, 100, 1000 h) depending on their
diameter (0-6, 6-25, 25-75, > 75 mm). Timelag refers to the time required for a fuel
particle to reach 2/3 of the difference between its initial moisture content and the
moisture content of the current environment, which depends on its diameter and
its ability to lose or gain moisture (Brown, 1982).

Canopy fuel load (kg m™): The portion of the aerial crown that is consumed in a
crown fire, and can be determined by using allometric equations to estimate foliage
biomass (e.g., Mitsopoulos & Dimitrakopoulos, 2007;Garcia-valdés et al., 2022). It is
usually assumed that only the fine canopy fuels are consumed, i.e., the foliage and
a small portion of the branch wood are available for combustion (Scott & Reinhardt,
2001).

In the workshop on Fire Resilient Landscapes held in Solsona on June 14-15, 2022, total
fine fuel load, including both dead and live canopy and surface fuel, was cited as an
important parameter for determining the conditions for the development of an EWE.

7
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However, the approach to estimate such a parameter was not discussed. In Box 3 a short
description about potential methodologies to estimate it is provided:

Box 3. Estimation of surface + canopy fine fuel load (t/ha)

If destructive sampling is not available to characterise fuel properties (e.g., load
by size class and condition), allometric equations relating species-specific biometric
characteristics or stand variables can be used to estimate fuel loads (e.g., biomass,
fine fuel). It is important to note whether these equations estimate biomass or fine
fuel load, because assuming that all (i.e., biomass) or most of the biomass (i.e., fine
or available fuel) is consumed can result in a significant overestimation of fire
behaviour. Equations are now available for several tree and shrub species.

At the tree level, for instance, crown fuel load can be estimated for P. pinea using
DBH and crown projection area as predictors (Molina et al., 2011), or in the case of
P. pinaster and P. radiata using DBH (Gémez-Vazquez et al., 2013). For P. brutia and
P. halepensis, canopy features can be estimated by stand variables such as basal
area, dominant height or SDI (Mitsopoulos & Xanthopoulos, 2016). See also Garcia-
valdés et al., (2022) for a wider range of tree species. At the shrub level, allometric
equations exist for shrub species in different regions to estimate both total biomass
(Conti et al., 2013; De Caceres et al., 2019; Oyonarte & Cerrillo, 2003) and fine fuel
fractions (De Caceres et al., 2019; Huff et al., 2017; Pimont et al., 2018). For example,
equations developed in DeCaceres et al. 2019 estimated biomass and fine fuel
fractions of 26 Mediterranean shrub species using percent cover and average
height of each species as predictors. These equations estimate live fine fuel load
and establish a proportion of the live fine fuel load as dead fine fuel load.

In the absence of field measures, canopy and surface fine fuel load can be
determined when equations for key species or functional groups in the study area
exist and biometric variables for shrubs and trees have been measured in field
campaigns or determined by remote sensing (e.g., DeCaceres et al. 2019; Botequim
et al.,, 2019) to model fine fuel loads over large heterogeneous study areas.

Fuel structure

Fuel structure refers to the spatial configuration of the forest stand, and includes fuel
bed depth, height or thickness, bulk density or compactness, arrangement (vertical and
horizontal continuity), cover, and number of layers involved (ground, surface, ladder, and
crown). Vertical continuity can be assessed by measuring canopy base height and fuel
bed depth, which, along with the intensity of the surface fire, sets the conditions for
crown fire initiation. Once a crown fire has started, canopy fuel load and canopy bulk
density (which indicate how densely fuels are packed in the canopy) determine aerial
horizontal continuity, and positively affect fire intensity and the rate of spread of the
crown fire, resulting in a much higher rate and intensity of spread than if the fire
remained at the surface (Scott & Reinhardt, 2001). Thus, if a stand has a low mean canopy
base height, crown initiation is easier, but if the crown bulk density is also low, active
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crowning is hindered, resulting in a period of passive crowning. The main parameters
related to fuel structure used in most fire simulation systems are defined in Box 4.

Box 4. Fuel structure metrics used in fire simulator softwares

Fuel bed depth (m): Average height of surface fuel in the combustion zone of a
spreading fire front.

Canopy base height {m): The lowest height above the ground above which there is
sufficient canopy fuel to propagate fire vertically (Scott & Reinhardt, 2001).

Canopy bulk density (kg/m?3): Mass of available canopy fuel per canopy volume
unit. It is determined by dividing canopy fuel load between canopy depths,
assuming that canopy biomass is homogeneously distributed within the stand
(Scott & Reinhardt, 2001).

Silvicultural variables

In order to improve silvicultural recommendations for fuel management, information
from field or modelling studies relating forest structure with crown fire potential is very
relevant. Fuel-related variables such as basal area, stand density, dominant height, tree
size, percent cover of different layers, and vertical continuity can be controlled and
could be used in forest planning systems.

4.1.2 Fuel load and structure: thresholds related with fire intensity and severity

Outside of North America, there are few studies linking stand structure and fire
behaviour to provide a quantitative basis for wildfire management. We reviewed studies
that analyse the influence of stand-level fuel characteristics on either fire intensity or fire
severity, or both, to characterise stand resistance to wildfire. For each factor, metrics and
thresholds for crown fire probability are provided, as this is an important aspect for
assessing and building fire-resistant stands.

4.1.2.1 Influence of fuel load and structure on fire intensity
Fuel load

As mentioned earlier, in fire simulation systems, fuel loads are specified by selecting a
set of standard fuel models developed for U.S. vegetation (Anderson, 1981; Scott &
Burgan, 2005). Outside the U.S., customized fuel models have been developed. In
European areas, for example, customized fuel models have been developed at local,
regional, and national scales (Table 1). Some of these models are tied to forest type (e.g.,
Ascoli et al., 2020; Fernandes, 2009). Such fuel models have been obtained using
allometries or in the field through destructive sampling to characterize the properties of
the fuelbed (e.g., loading by size class and condition). Others have calibrated existing
standard fuel models (e.g., Krsnik et al., 2020 using the NFFL stylised fuel models,
Aragoneses & Chuvieco, 2021 using Prometheus).
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Table 1. Examples of custom fuel models developed in European areas at different scales.

Greece National Fuel models Dimitrakopoulos (2002)
Portugal Local Fuel _treatment | bonandes et al. (1999)
effectiveness
Portugal Local Fuel treatment | . ondes et al. (2004)
effectiveness
Portugal Local Fuel . treatment | . nandes (2009b)
effectiveness
Regional
Portugal & Fuel models Cruz & Fernandes (2008)
(North)
Portugal National Fuel models Fernandes (2009a)
q Fuel treatment L N
Spain Local effectiveness Piqué & Domeénech (2018)
q Fuel treatment L
Spain Local effectiveness Piqué et al. (2022)
Spain Local Fuel . treatment | o i mero-Iniesta et al, (2017)
effectiveness
Regional Rodriguez y Silva & Molina-
Spain 3 Fuel models i
P (Andalucia) Martinez (2012)
q . Aragoneses & Chuvieco (2021)
Spain National Fuel models (adaptation of Prometheus)
. Regional i ) '
Spain g Fuel models Krsnik et al., 2020 (adaptation of
(Cata|unya) NFFL models)
Italy National Fuel models Ascoli et al. (2020)
Regional
Italy g i Fuel models Elia et al. (2015)
(Apulia)
Germany Local Fuel models Heisig et al. (2022)
Austria National Fuel models Neumann et al. (2022)
Switzerland | National Fuel models Allgéwer et al. (1998)

Studies linking potential fire behaviour to custom surface fuel models using fire simulation
systems help to determine which fuel models are critical for resistance to fire. For instance,
according to fire simulations from BEHAVE, closed forest needle litter of P. halepensis and P.
brutia (> 85%) produced the lowest fuel load, 2.3 t ha'!, and a maximum intensity of 500 kWm-
" (Dimitrakopoulos, 2002). Instead, the shrubland fuel models (evergreen sclerophyllous and
kermes oak) showed the greatest fire potential due to the higher fuel load, between 25.5 and
53.0 t ha' and an associated fire intensity between 2900 kW m-1 and 50900 kW m-1
(Dimitrakopoulos, 2002). In closed forest, such in Austria, for example, the fuel model with the
highest total fuel load has about 12 t hal (Neumann et al., 2022). Other studies listed in Table
1 can be used not only to identify fuel loading thresholds that limit fire intensity, but also to
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parameterize fuel management operations, as these studies aim to evaluate the effectiveness
of different fuel treatments.

Table 2 provides a compilation of load values and corresponding fire behaviour for
several European simulation studies that evaluate the effectiveness of different fuel
treatments.

11
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Table 2. Fuel load and structure and associated fire behaviour in European studies that simulated fire behaviour in the worst-case scenario to
assess fuel treatments effectiveness. TST, time since treatment; TFL, total fuel load; 1h FL, 1-hour fuel load; FBD, fuel bed depth,; CFL, canopy fuel
load; CBD, canopy bulk density; CBH, canopy base height; FLI, fire line intensity. Type of fire, when numerical reflect the probability of crown fire.

Unmanaged NA | P.nigra 17.8 1592 40.41 | 17.64 | 152.9 NA 0.23 6.9 7917 Passive 5 14.1

Low thinning 2 P. nigra 17.5 1411 56.68 | 28.06 | 35.50 NA 019 | 7.0 938 Surface 5 14.1 Piqué &
Low thinning + PB 2 P. nigra 17.5 1411 2295 | 8.86 | 15.00 NA 020 | 7.0 100 Surface 5 14.1 Domenech

High thinning 2 | P.nigra 20.6 690 7241 | 3246 | 42.00 | NA 0.09 | 7.9 969 Surface 5 14.1 (2018)

High thinning + PB 2 P. nigra 20.6 690 34.12 | 10.41 | 20.00 NA 009 | 7.6 110 Surface 5 14.1

Unmanaged NA | P. halepensis 4.2 11579 29.6 11.7 180 NA 0.1 0 3631 Active 7.2 14 .
Thinning 0 | P. halepensis 6.0 1100 | 5239 | 156 | 35 | NA | 01 | 1.5 | 446 | Passive 7.2 14 :f:rgg}';;e“a
Thinning 1 P. halepensis 6.0 1100 46.0 12.7 27 NA 0.1 1.5 223 Passive 7.2 14

Unmanaged NA | P. halepensis 4.9 12117 40.1 33.8 | 100.7 NA 0.16 3.5 1643 6 9.3

Pre-com. thinning 0.5 | P. halepensis 10.5 1293 107.6 | 50.8 64.3 NA 0.06 | 34 1167 6 9.3

Pre-com. thinning 2 P. halepensis 12.2 1119 66.2 37.8 55.3 NA 0.09 | 39 721 6 9.3 Piqué et al. 2022
Pre-com. thinning 4 P. halepensis 10.5 1097 59.1 31.2 96.4 NA 0.05 2.6 1413 6 9.3

Pre-com. thinning 10 | P. halepensis 11.9 1401 56.2 27.2 | 109.0 NA 0.05 2.7 1643 6 9.3

Unmanaged NA | P. pinaster 12.4 2192 NA 45.46 52 10.56 | 0.24 4.7 4925 100 4.8 12

PB 13 | P. pinaster 12.4 1480 NA 36.41 50 8.45 0.19 | 4.0 1520 35 4.8 12 Fernandes et al.
PB 3 P. pinaster 13.4 1856 NA 12.07 31 10.85 | 0.23 | 54 939 0 4.8 12 (2004)

PB 2 P. pinaster 12.3 1760 NA 11.23 30 8.57 0.22 | 5.2 399 0 4.8 12

Unmanaged P. pinaster NA NA 16.2 7.91 35 2356 3

Before PB P. pinaster NA NA 124 | 475 | 54 3406 3 (er(; ggg‘)des

Post PB 10 P. pinaster NA NA 12.9 6.77 31 2170 3

12
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Extreme wildfire events and fuel load

A necessary condition for the development of EWE is a landscape with enough
stored energy, i.e., a sufficient amount of available fuel. Under extreme weather
conditions, available fine fuel loads greater than 10-12 t ha™ might result in EWE
exceeding firefighting capabilities (Burrows et al., 2000; Fernandes et al., 2016). The
threshold for available fine fuel load depends on vegetation type and meteorological
conditions. However, as shown in

Table 2, this threshold is easily exceeded even in managed stands and when only
surface fine fuel loads are considered (without including canopy fuels).

Fuel structure

Regarding aerial horizontal continuity, for the development of active crown fires a
threshold for bulk density of 0.1 kg m= has been established by Agee (1996) and Cruz et
al. (2005). In Europe, a similar threshold 0.08 kg m? for the development of active crown
fires has been identified (Botequim et al., 2019; GOmez-Vazquez et al., 2014). In terms of
vertical continuity, a threshold of 1.9 m of canopy base height for a crown value greater
than 0.08 resulted in active crown fires (when shrubs were medium or tall) while fire
activity was low at a canopy base height greater than 1.9 m in stands with short shrubs
(Botequim et al., 2019). In maritime pines, canopy base height of 7 m proved to be the
most important threshold for dramatic changes in fire type (Botequim et al., 2017).

Heuristic approaches and expert opinion have also been used to determine
parameters and thresholds for estimating rate of spread (Fahnestock, 1970) and ladder
fuel hazard (Menning & Stephens, 2007). In Europe, a Crown Fire Hazard Chart (CFHC) has
been developed for stand-level assessment and is currently widely used in the Catalonia
region (north-eastern Spain) (Piqué et al., 2011). The chart uses silvicultural variables that
are easily estimated in common forest inventories, such as canopy cover and surface fuel
cover to assess the vulnerability of a given stand to crown fire development. The CFHC
provides forest managers with numerical data (i.e., thresholds) to assist them in taking
fuel management decisions for the main forest species in Catalonia. However, because
these tools have not yet been validated, thresholds are not provided.

Stand-level variables

Few studies have classified the potential of stands to withstand different types of crown
fires based on stand variables. Although these specific case studies vary in fuel,
topographic, and meteorological conditions, and few are available, a summary of the
silvicultural metrics and thresholds can be seen in Table 3.
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Table 3. Thresholds for different silvicultural variables and associated fire types. In some cases,
thresholds are conditioned by other variables. Only thresholds for the worst-case scenario are
shown.

Basal area ) Fernandez-Alonso et al.,
>
(mZ ha-) 214.72 Active 2013
Basal area <10-14 Passive Gomez-Vazquez et al., 2013
(m? ha™)
Dominant . .
height (m) <10.5 Crown Open stand Gomez-Vazquez et al., 2013
Dcfmmant >14 Passive Closed stand Gbémez-Vazquez et al., 2013
height (m)
Densn& <500 Passive Variable proportion of Alvarez et al., 2012a
(tree ha™) large trees
o > 0,
Denslt& <1300 Surface 85% of one layer of large Alvarez et al., 2012a
(tree ha™) trees
H Acti >85% of | fl
(Densn¥1 1300 ctlvg or 85% of one layer of large Alvarez et al., 2012a
tree ha’) Passive trees
P— Active or 60-85 % of one layer of
ensi y1 >1300 ) large trees with a second Alvarez et al., 2012a
(tree ha™) Passive layer
. H < 0,
DensltY1 <1300 Actlvg or 60 % of one layer of large Alvarez et al., 2012a
(tree ha™) Passive trees
. < 0,
Denslty_1 >1300 Active 60 % of one layer of large Alvarez et al., 2012a
(tree ha trees

4.1.2.2 Influence of fuel load and structure on fire severity

Studies linking fuel structure variables to post-wildfire fire severity provide empirical
evidence of fire-resistant stands and can be used to define the key parameters and
associated thresholds that determine resistance. Two main types of approaches have
been pursued in the studies reviewed: the use of remote sensing to relate pre-fire fuel
loads and structure to a vegetation index (e.g., NDVI), and the characterization of stand
structures of unburned patches within a perimeter.

Remote sensing studies typically attempt to determine the relative importance of various fuel-
related and non-fuel-related parameters in explaining fire severity within a perimeter. Most of
these studies use partial dependence plots from which threshold values for the various
variables can be derived. It is important that these types of studies make an effort and explicitly
define the thresholds for each parameter. The following fuel-related parameters are typically
considered: LIDAR variables related to height distribution and cover, canopy base height,
canopy bulk density, understory cover, understory height, and fuel standard models. Non-fuel
parameters such as burning conditions, topography, or fire behaviour are usually considered.
These studies show that of all these parameters, non-fuel related factors such as fire spread
rate, topographic location, or wind speed are the most influential variables in explaining fire
severity. However, fuel-related factors play a moderate role in all studies reviewed, in the form
of fuel structure (e.g., canopy base height, mean stand height, shrub cover and height,
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coefficient of variation in LIDAR heights and diameters) and fuel load parameters (e.g.,
biomass, total available fuel load (understory and overstory), surface fuel load) (

Table 4). In addition, for convective fires, a study identified canopy base height as the
most important parameter for determining fire severity (see Fernandez-Alonso et al.,
(2017)in

Table 4). This confirms that convective fires are associated with controllable factors that
can be modified by forest management, while, for instance, wind-driven fires are more
difficult to control through proactive forest management because they are strongly
associated with unmanageable factors (Duane et al., 2015). In summary, generally
heterogeneous stands with complex vertical structure and a homogeneous shrub layer
have been associated with high severity, likely because these conditions are optimal for
canopy fire development and spread.

Unburned forest stands within the perimeter of a wildfire provide sound evidence of
the structural characteristics of fire-resistant stands. In northern Portugal, P. pinaster
forest stand with a basal area of <20 m? ha and a tree density of < 200 ha" exhibited
low fire severity (Fernandes et al., 2015). In Spain, among other biotic and abiotic factors
leading to unburned island formation, P. nigra stands with a wood volume > 35 m?ha"
with high tree heights and large DBH survived a wildfire (Roman-Cuesta et al., 2009).

Extreme wildfire events and fire severity

There are few examples of how forest structure can influence the severity of fires
under extreme conditions. However, there is evidence that fuels treatments, and thus
forest structure, can have a local influence on the severity of such fires. At the Fire
Resilience Workshop, it was reiterated that fuel management efforts should focus on
reducing the severity rather than the potential extent of EWE. Nevertheless, the fact
that EWE exhibits irregular behaviour could lead to a mosaic of fire severity after a
fire. In any case,

Table 4, shows that even if fuel load or structure are not the most influential factor in
explaining fire severity, they are relatively important as they occupy a middle position
in the ranking of influential variables.
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Table 4. Remote sensing studies linking fire severity to various weather, burning conditions, fire behaviour, and fuel parameters. The most
influential parameter and the first and second most important factors associated with fuel are shown. For fuel parameters, the relative position
with respect to the total number of factors considered is given in parentheses, along with the associated thresholds, if any.

2 wind-driven fires, 1 .
topographic fire, 1 convective Canopy base height Fernandez-
fire between 2010-2013 (NW P. pinaster Wind speed Shrub cover (5/17) NA 7/17) NA Alonso et al.,

. (2017)
Spain)
Convective fire in 2013 Ponte P pinaster Canopy base Canopy base height NA Coefficient of variation NA ;F\%::S(:;
Caldelas (NW Spain) P height (1/14) of LIDAR heights (3/14) 2017) "

S o . . Understory height: .
High intensity fire in 2017 in P. Rate of spread of Biomass (LAI/fPAR) LAI (1.05) density of LIDAR points | >10 points Viedma et al.,
Yeste (Spain) halepensis the fire front (2/9) fPAR(0.2) at 12 m (4/9) (2020)
Convective fire in 2005 in Riba . Rate of spread of | _. . p . Viedma et al.,
4 Seelioes (Carial Spaiil P. pinaster the fire front Biomass Pinus (2/10) | >60tha Mean stand height <5m (2015)
Convective fire in 2012, Leon . Pre-ﬂrle Cpefﬁaent of Garcia-Llamas et
(NW Spain) P. pinaster vegetation variation of LIDAR >0.3 al., (2019)
greenness heights (5/5) v’

Large fire event occurred in . Topographic Total fuel load Mitsopoulos et
2016 Thasos (Greece) P. brutia position index available (5/20) NA Surface fuelload (7/20) NA al., (2019)

"Values > or < than the threshold indicate higher fire severity.
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4.1.3 Fuel composition: description and metrics

The flammability of plants depends on their ignitability (i.e., the ability of a fuel to
ignite), their combustibility (i.e., how plants burn once ignited), and their
sustainability (i.e., the ability of a fuel to burn over time) (White & Zipperer, 2010).
Because forest composition is largely determined by environmental conditions, the
species dominating a given forest type determine the "baseline" level of flammability
(Xanthopoulos et al., 2012). Accordingly, stand structure can alter the baseline
flammability that can be expected on average (Xanthopoulos et al., 2012). Moreover,
fuel characteristics strongly depend on the species composition of the overstory and
understory layers. To assess the forest vulnerability to fire is important to consider
the spatial variation of fuel characteristics of overstory and understory strata, which
can be significantly different and poorly correlated to each other. Furthermore, the
variation of fire hazard is primarily explained by the species characteristics of the
understory (Sanchez-Pinillos et al., 2021).

4.1.4 Fuel composition: thresholds related with fire occurrence and severity

A relatively large number of studies have examined the relationship between fire
occurrence and forest cover type (e.g.,Gonzalez et al., 2006; Nunes et al., 2005; Silva
et al., 2009). Xanthopoulos et al. (2012) provided a table for 60 vegetation types of
Europe and North Africa in terms of fire hazard through expert assessment. Instead,
few studies have examined the effects of forest composition on fire severity, likely
due to difficulties in its analysis, as observed differences in fire severity due to forest
composition may be confounded with the effects of other factors (e.g., fire
suppression, topography, stand structure). Studies using remote sensing techniques
have linked fire severity (NDVI as a proxy) to a variety of factors, including forest
composition (e.g., Fernandes et al., 2019; Garcia-Llamas et al., 2019; Viedma et al.,
2020). In these studies, the most influential factors affecting fire severity were
generally factors other than forest composition (Table 5), but pre-fire vegetation
composition did play a role. Other studies based on field observations have found a
decrease in fire severity when moving from one forest type to another (Fernandes
et al., 2010), even under conditions of high to extreme weather conditions. Most
studies have been conducted in Portugal and consistently show that shrublands and
maritime pine forests are the cover types experiencing the highest fire severity,
while broadleaves forests have the lowest. Moreover, fire intensity, and thus fire
severity, may actually increase in pine forests and shrublands due to climate change,
to levels that exceed the ability to suppress wildfires, especially from spring to fall,
while deciduous forests generally will not exceed such thresholds (Aparicio, et al.,
2022).
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Table 5. Studies analysing the effect of forest composition on fire severity.

.H 'gh . P. halepensis >

intensity fire P. halepensis & | Rate of
Dominant Case study | in 2017 in C P . Viedma et

q P. pinaster > P. | spread  of | Spain
species Yeste ) ) al. (2020)
) pinaster & P. | the fire-front
(Spain) )
nigra

Convective

fire in 2012 | Shrub> Forest | Pre-fire Garcia-

Cover type | Casestudy | in Sierra del | > Fruit type > | vegetation Spain Llamas et
Teleno (NW | grassland composition al. (2019)
Spain)

Scrublands >
Multiple maritime pine
fires, > deciduous
including oaks and | Between 8- Fernandes
Casestudy | .

Cover type nine 2017 | chestnut> 39% of the | Portugal | et al.
fires larger | other variance (2019)
than 10 ha | broadleaves >
(Portugal) eucalypt

Pine forests >
shrublands >
Simulation deciduous and Aparicio et
Fuel type NA evergreen NA Portugal al, (2022)
broadleaf
forests
Multiple P. pinaster >
fires in 2005 | Broadleaved & | 51% to the
Fernandes

Forest type | Casestudy | and 2006 | short-needled | overall Portugal ot Al
(NW conifer forest | explanation (2010) ’
Portugal) types
Mixed-
severity fire
in 2006 in

Canopy Peneda- P. pinaster > Proenca et

composition Case study Gerés Broadleaves NA Portugal al. (2010)
National
Park
(Portugal)

Extreme wildfire events and fuel composition

Fuel characteristics and stand structure have a greater
behaviour and thus fire severity than vegetation type per se (Fernandes et al.
2010). Nonetheless, broadleaves species experience less fire severity than
shrublands or pine forest.
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4.2 Fire resistant landscapes

We define landscape resistance as the influence of landscape configuration and
composition on fire spread (Derose & Long, 2014). Landscape configuration and
composition affect both fire spread and intensity, but silvicultural recommendations
for building a fire-resistant landscape usually aim to limit fire rate of spread (or size)
more than fire intensity, even though they do so inherently.

4.2.1 Landscape configuration and composition

A homogeneous fuel landscape generally favours fire spread (Baker, 1994) while a
fragmented landscape with heterogeneous fuel patches reduces fire spread (Turner
et al., 1989). Fire spread is influenced by the spatial arrangement of land cover and
land use types (LULC) and their characteristics. However, fire spread under extreme
conditions, such as those found at EWE (fire spread rate is > 50 m min' (Tedim et al.,
2018)), appears to be insensitive to landscape structure and is primarily determined
by weather conditions (Moritz et al., 2010; Turner & Romme, 1994; Moreira et al.,
2020). Together with fire spread rate, growth rate (area/ha), is a key variable to
describe extreme fire behaviour and growth patterns of EWE. However, to date
there are no published studies examining the effects of landscape composition on
growth rate.

4.2.1.1 Effect of landscape configuration on fire spread and size: metrics and thresholds

The connectivity of a landscape is the extent to which the landscape facilitates or
impedes movement between resource patches (Taylor et al., 1993). Graph theory
analysis and percolation theory are two approaches to analysing which landscapes
constrain or promote wildfire spread. Graph theory quantifies the connectivity of
patch networks and the movement of the disturbance. Within the graph theory
framework, there are numerous metrics for assessing the connectivity of landscapes
with varying characteristics (e.g., percentage of like adjacencies, centrality, euclidean
nearest neighbour distance, equivalent connectivity index, effective mesh size).
These indices were developed in the context of wildlife conservation. The equivalent
connectivity index (Saura et al.,, 2011) is the surface (hectares) of a single and
maximally connected patch based on the probability of connectivity (Saura &
Pascual-Hortal, 2007), i.e., the probability that two randomly placed points on the
landscape fall within areas reachable from one to the other, given a set of n patches
and the connections between them. Recently, two new connectivity indices have
been developed in the context of wildfires that take into account the estimated
intensity of the fireline and the effects of wind direction on fuel connectivity (Aparicio
et al., 2022): the directional index of wildfire connectivity and the index of wildfire
connectivity (IWC), which are based on the connectivity indices developed by Saura
& Pascual-Hortal, (2007). Percolation theory is also based on graph theory, but also
on probability theory, as it describes the probability of transition from a connected
to an unconnected system (i.e., the percolation threshold) (Gardner et al., 1987;
Turner et al., 1989).

The studies reviewed here evaluate the effects of spatial landscape configuration
on fire spread and/or fire size (as a surrogate for fire spread), using different
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approaches to quantify landscape connectivity. Percolation theory studies suggest
that reducing fuel connectivity is an effective approach to mitigating fire spread
across the landscape, but the thresholds for percolation (i.e., the threshold at which
functional landscapes transition from unconnected to connected) reported in
different studies vary. Using generic landscapes, Bevers et al., (2004) determined a
percolation threshold of 59% of landscapes resistant to fire spread, and Loehle
(2004) determined a lower value of about 18%. According to Loehle (2004), this
difference is due to the fact that Bevers et al., (2004) assume that if the treated areas
do not connect, fire can penetrate whereas in Loehle's (2004) study it does not
matter if the fire starts at a random location on a map with some degree of treated
stands it does not matter if the entire map percolates (untreated stands are
connected somewhere from one side to the other), but only what the local
neighbourhood looks like. In either case, the results obtained in these theoretical
studies have heuristic value but are not necessarily predictive. Using real landscapes
and wildfires and the equivalent connectivity index, Duane et al., (2021) identified a
percolation threshold of 40%, and their results suggest that landscape connectivity
thresholds that favour or limit fire spread depend on weather conditions and the
primary factor driving fire spread.

Another approach to assessing landscape configuration that limits fire spread is to
apply fire modelling techniques to analyse the potential for landscape-level fire
spread in response to the timing and location of fuel treatments. This allows for the
establishment of fuel connectivity thresholds in relation to flammable LULC types,
which is critical for forest stand spatial planning (i.e., flammable patches) to increase
fuel heterogeneity across the landscape and thereby reduce fire spread and fire size.
For example, in Central Catalonia, Alcasena et al., (2018) showed that treating
approximately 15% of the landscape with prescribed burns, strategically distributed
is effective in interrupting large wildfires. This value is similar to that of Fernandes,
(2015) who shows that 5-10% of the landscape in strategic locations should be
treated with prescribed fire annually to reduce wildfire size. Simulation models have
also shown that the spatial distribution of fuels strongly influences fire spread and
behaviour (Duguy et al., 2007). Outside of Europe, Finney et al., (2007) and Ager et
al., (2014) indicated that there are diminishing returns with investments in fuel
treatments after 10-20% of landscapes are treated. To be effective, the planning of
these treatments must also consider how treatment effort and fuel re-accumulation
relate to each other (Finney et al., 2007). Moreover, treatment effectiveness depends
on fire weather, landscape positioning relative to wind, and fire spread direction, as
well as fire plume dynamics, which can influence fire growth and behaviour
regardless of local weather conditions (Johnson et al., 2019; Salis et al., 2016).

Previous fires can also affect landscape configuration by reducing fuel load and
fuel connectivity as it is inversely related to fire frequency (Fernandes et al., 2016
used effective mesh size as fuel connectivity index; Miller & Urban, 2000). However,
the effects of fuel reduction from past fires on future fire activity are short-lived: only
the cumulative area burned over the past 6-7 years reduces fire frequency (Duane
et al., 2019). In contrast to the short-term positive effects on fuel loads and
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connectivity, past fires contribute to the long-term homogenization of post-fire
landscapes (Loepfe et al., 2010; Moreira et al., 2011).

Extreme wildfire events and landscape configuration

Under extreme conditions and unknown processes that drive fire spread
(atmospheric dynamics), landscape configuration may have little effect on fire
spread and size (Cruz et al., 2022). However, targeting the reduction of the
amount and connectivity of fuels would reduce fire growth rate, increase the
potential for fire suppression, and mitigate fire damage (Moreira et al., 2020).

4.2.1.2  Effect of landscape composition (LULC types) on fire occurrence and fire size

A number of studies have used metrics of landscape structure (i.e., density, size,
shape, spacing between different patches, diversity) to assess relationships between
land use change and fire occurrence (Lloret et al., 2002; Loepfe et al., 2010; Vega-
Garcia & Chuvieco, 2006). These studies show that fires occur more frequently in
landscapes with low LULC diversity than in more heterogeneous landscapes with a
mosaic of different LULC. In addition, low-fuel patches in heterogeneous landscapes
increase the opportunities of fire suppression. Some thresholds or characteristics
for resistant landscapes can be derived from these studies. Fire prone landscapes
are homogeneous landscapes characterized by low density but large patches and a
low diversity index, resulting in a more uniform distribution of land cover types
(Lloret et al., 2002). In terms of LULC types, dense forests and shrublands burned
most frequently, followed by open forests, while agricultural fields burned less
readily than other land use/cover types (Garcia-Llamas et al., 2019; Lloret et al., 2002;
Loepfe et al., 2010). In addition, Nunes et al., (2005) data indicate that small fires
have a stronger preference for land cover than large fires: with a clear preference
for shrubland, followed by other forest cover types, while agriculture is clearly
avoided.

Research on the effects of LULC types on fire size or spread has yielded mixed
results. Viedma et al., (2009) linked fire size to structural features of the landscape
and found that the diversity of LULC types increased from inside the perimeter to
the edge and outside the fire. Pastures, followed by shrublands, croplands, and
hardwood forests, were the most common contact types with pine forests that
contained fire. Azevedo et al., (2013), found that holm oak forests influence fire
behaviour by interrupting fire spread in the perimeter zone. Sousa et al., 2021 shows
that vegetation types, especially the presence of shrubs, and the absence of human
activities, such as agriculture, are the main causes of fire spread in this region.
Considering only land cover types, Fernandes et al., (2019) showed that fire size was
essentially independent of land cover composition, including forest type, and
increased when fuel connectivity was high and pyrodiversity was low.
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Extreme wildfire events and landscape composition

The 2017 Portuguese megafires were analysed in Fernandes et al., (2019). Land
cover composition had a modest effect on fire severity. This was expected as
fire severity reflects the combination of multiple influences. While flammable
cover types have a moderate effect on the severity of EWE, its influence on fire
size seems irrelevant (Fernandes et al., 2020). However, less flammable land use
or land cover types, such as agricultural land, could have a greater impact on
fire size than variations in flammable land cover types.

5 Questionnaire results on resistance to EWE

This section presents the results of the questionnaire related with factors driving
resistant landscapes to EWE and high-intensity fires (questions 2 to 7) (Appendix:
10.2 Questionnaire).

A total of 35 responses were collected from which 62.8% (n=22) were from the
Mediterranean region, 25.7% (n=9) from the continental region, 5.7% (n=2) from the
Alpine region, 2.8% (n=1) from the Atlantic region, and 2.8% (n=1) from the
temperate region. Most respondents were experts in "fuel management" and "post-
fire management" (27.1% and 23.7%, respectively), while 20.3% and 18.6% of
respondents were experts in fire behaviour and fire ecology, respectively. The rest
of the respondents (10.1%) were experts in other areas of wildland fire research
(e.g., risk assessment, social dimension). A large proportion of interviewees were
academics (54.2%), followed by fire responders (20.0%), forest managers (17.1%),
and other positions (8.5%). The mean years of work experience was 16 years and
ranged from 1 to 39 years.

Factors driving resistant landscapes to EWE and intense fires (questions 2 to 7)

The first part of the questionnaire (questions 2 to 7) was designed to provide
information on factors and thresholds that determine the resistance of landscapes
to EWE and intense fires in different bioregions.

Question 2 asked experts to rank the fuel-related factors that may influence the
development of EWE in their bioregion from highest (1) to lowest (5) in importance.
Regardless of bioregion, experts ranked fuel load as the most important factor
(46%), fuel structure as the second (46%), fuel composition as the third (51%) and
fuel connectivity (43%) and LULC (46%) as the fourth and last, respectively (Figure 3).
The order of importance is similar to that derived from the literature review.
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Figure 3. Within each ranking (1 most important; 5 least important), bars show the
percentage of responses for each fuel-related factor driving resistant landscapes to EWE.

Interestingly, the order of importance was the same when the data were split by
bioregion for the Mediterranean and Continental bioregions (Figure 4). In the case
of the Atlantic, Temperate, and Alpine bioregions, the number of responses was too
small to draw any conclusions. In addition, some experts suggested other factors,
such as "primary sector activity," "fuel seasonality," and "climatic characteristics,"
but in this deliverable only ecological fuel related factors are considered. One expert
noted that fuel loading should be considered as part of the fuel structure.

Question 3 asked experts to select from a list of fuel load metrics (total biomass,
total fuel load, available fuel load, surface fine fuel load, and total fine fuel load)
those for which they knew thresholds to prevent the development of a EWE or
intense wildfire. 7 of 35 experts provided one or more metrics and corresponding
thresholds. As noted during the review and workshop, two experts cited a value of
10 t ha' of surface fine fuel load (one of the experts) and available fuel load (the
other expert) as thresholds for fuel load to limit development of EWE, with one of
the experts indicating that thresholds would vary by vegetation type. However, fire
responders (personal comment) referred to total fine fuel load (surface + canopy).
Other experts gave thresholds for total fuel load but for intense fires or did not
specify the type of fire and ranged from 2 to 4 kg m=.

23



D1.11 ECOLOGICAL FACTORS DRIVING RESISTANT AND RESILIENT LANDSCAPES

TO HIGH INTENSITY AND EXTREME WILDFIRE EVENTS

Continental - I I
Mediterranean N

Continental [N |
<

g Mediterranean [N - I — |
£7
58 Continental I = Fuel Load
Q —

n uel structure
£ o Fuel struct
bl Mediterranean [ IS -
o 3 ® Fuel composition
2E
(o= : % 5
S Continental [N . | Fuel connectivity
i
= ~ mLULC
o Mediterrancan NN .

Continental |
Mediterranean [N A

0 10 20 30 40 50 60 70 80 90 100
% responses

Figure 4. Within each ranking (1 most important; 5 least important), bars show the
percentage of responses from Mediterranean and continental bioregion experts for each
fuel-related factor driving resistant landscapes to EWE.

Question 4 asked experts to select from a list of vertical continuity metrics (fuel
bed depth, ladder gap, canopy base height, and dominant height) those for which
they knew thresholds to prevent the development of an EWE or an intense wildfire.
10 of 35 experts named one or more metrics and a corresponding threshold. Experts
considered that values for canopy base height between 2 m and 10 m were needed,
but most experts gave values greater than 5 m. One expert noted that for vertical
continuity, it makes no sense to try to separate EWE from intense fires because the
transition in EWE is largely determined by fire-atmosphere interactions. With
respect to fuel bed depth, one expert gave 1 m as a threshold for understory height
but did not specify the type of wildfire. Two experts gave thresholds values of ladder
fuel gap for intense fires, ranging from 2.5to 5 m.

Question 5 asked experts to select from a list of horizontal continuity metrics
(understory cover, canopy bulk density, canopy cover, basal area, tree density) those
for which they knew thresholds to prevent the development of an EWE or an intense
wildfire. 12 of 35 experts provided one or metrics and a corresponding threshold.
The thresholds for canopy bulk density for intense fires given by two experts were
in the line to those found in the literature review (0.05 and 0.1 kg m3). On the other
hand, the experts considered that values below a canopy cover of 60-80%, a basal
area of 20 m? ha' or 70% of the theoretical maximum basal area, and a tree density
of 100-250 trees ha™ are required to limit intense fires. Regarding understory cover,
most experts indicated values below 50% for limiting intense fires, with 30% being
the most frequently cited threshold.
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Question 6 asked experts to select from a list of fuel connectivity metrics
(functional fuel connectivity, proportion of landscape treated at strategic locations,
time since last fire) those for which they knew thresholds to prevent the
development of an EWE or an intense wildfire. 7 of 35 experts indicated one or more
metrics and a corresponding threshold. The experts considered that a threshold of
9 and 10 years since the last fire can prevent the development of an intense fire and
that the proportion of the landscape in strategic locations that should be treated to
avoid intense fires is between 10% and 30%, with most experts indicating a value of
30%. Only one expert gave a functional connectivity threshold, the effective mesh
size of flammable fuel types, which was 1000ha for intense fires. The effective mesh
size is the average size of the area that a randomly located fire will burn in a fuel
type without encountering a barrier or other fuel type (see Fernandes et al., 2016
for an example).

Question 7 asked experts to provide metrics to quantify landscape heterogeneity.
18 experts out of 35 provided a metric (Table 6).

Table 6. List of landscape heterogeneity metrics provided by a total of 18 experts.

Connectivity between land cover types

Ratio of forest to non-forest land

Number of species

The effective mesh fire of the sum of the flammable vegetation
types

Functional coverage by cadastre (area)

Total biomass (kg/m2)

% of native and/or shrubland vs % of monocultures measured along
a decade

% of different land uses

Variety of species composition, difference in tree heights,
distribution by area of the tree stand of each age class and others.
Patch type diversity, edge and shape

Tree/ha

% of each tree species in an area, composition of minimum 3
species

% agricultural land

Species used taking into account flammability and combustibility,
size of mosaics

Proportion of the landscape treated in strategic locations (%)
Diversity of habitat types and number, size and arrangement of
habitat patches.
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6 Review on resilience to EWE and high-
intensity wildfires

As mentioned at the beginning of this report, we define resilience as the ability
of the ecological system to recover the functions and ecosystem services that the
system provided before the fire. Among other variables, resilience depends on the
characteristics of the system (e.g., diversity of plant fire-related traits, soil and
topographic characteristics), the characteristics of the fire regime (e.g., fire severity,
frequency, and season), and the presence of additional stressors before and after
the fire event (e.g., prolonged drought, pest outbreaks, torrential rains, etc.). The
role played by fire season, topographic variables, soil characteristics, and climatic
factors on post-fire resilience are discussed in D 1.12 Factors driving post-fire
dynamics. Then, in this section we focus our analysis on the role played by species
traits (that allow plants to survive or recover after fire) and two components of fire
regime: fire frequency and severity (two components of fire regime) on the resilience
of the system. Fire severity depends not only on fireline intensity, but also on fire-
related traits. Fire frequency indicates how often fires occur within a given area and
time period. This section presents key fire-related plants traits and their interactions
with appropriate fire regimes and shifts in fire regimes that may limit the resilience
of different vegetation types at stand and landscape scales. The data collected in
this section will be used in D.1.13. Basis for resilient landscapes: Recommendations and
novel adaptive management scenarios for creating resilient landscapes to EWE (subtask
1.4.3) that provide critical information to define silvicultural interventions to build
resilience.

6.1 Factors influencing the success of post-fire
regeneration

6.1.1 Fire-related traits

A first step in assessing the potential resilience of a stand or landscape to fire is
to determine the presence/absence, dominance, and type of post-fire strategies
found in a particular forest type. Fire-related traits include resprouting and
regeneration from seed (Pausas & Keeley, 2014). These are fire-related functional
traits that can occur in a plant either alone or in combination to favour post-fire
regeneration. Plants can be classified as resprouters (R+), non-resprouters (R-),
seeders (S+), or nonseeders (S-) depending on the presence or absence of these
traits. Based on these two broad categories, plants can be further categorized as
obligate resprouters, facultative seeders/resprouters, obligate seeders, and fire
colonizers depending on their post-fire regeneration strategy (Box 5, see Pausas &
Keeley, 2014).
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Box 5. Post-fire regeneration strategies as defined in Pausas & Keeley (2014). As noted by
the authors, the terms "seeders" and "resprouters" refer exclusively to post-fire
conditions and cannot be used to plants that regenerate by seed or resprout under other
conditions.

Obligate resprouters (R+S-): plants that rely on resprouting to regenerate
after fire (resprouters without postfire seeding ability). These plants do not
germinate after fire because they lack a fire-resistant seed bank.

Obligate seeders (R-S+): plants that do not resprout and rely on seeding to
regenerate their population after fire (nonresprouters with postfire seeding
ability).

Facultative seeders/resprouters (R+S+): plants that have both mechanisms
for regenerating after fire, that is, they are able to resprout and to germinate
after fire.

Post-fire colonizers (R-S-): plants that lack a mechanism for local postfire
persistence, but they recruit after fire by seeds dispersed from unburned
patches or from populations outside the fire perimeter (metapopulation
dynamics).

Resprouters can form new shoots even though the above-ground part of the
plant has disappeared after the fire, either from below-ground structures or
epicormic from above-ground structures (Bond & Midgley, 2001). These plants
protect buds from fire in different ways. Some plants hide the buds in the soil, which
is @ poor conductor of heat (e.g., Quercus coccifera L.), others with the base of the
old leaves (e.g., Chamaerops humilis L.) or with the bark (Quercus suber L.)]. The
protection of the buds and the accumulation of carbohydrate reserves allow these
plants to resprout after fire.

Seeders can cope with fires because they are able to accumulate a seed bank in
the soil or in the canopy, from which germinate after a fire. For example, gorse (Ulex
parviflorus Pourr.) accumulates seeds in the ground until the rise in temperature
during the fire breaks the dormancy of these seeds (Baeza & Roy, 2008). In P.
halepensis Mill., seeds are stored in serotinous cones (Daskalakou & Thanos, 1996)
which remain closed in the canopy until the rise in temperature dissolves the resin
that keeps them closed and expels the seeds, which fall to the ground and germinate
the following spring.

Post-fire colonizer species avoid getting burnt by reducing flammability or
locating important parts outside the flame zone (Pausas, 2019). For example, species
with thick bark and self-prunning capacity, such as P. nigra, survive surface fires
when mature (Fulé et al., 2008; Valor et al., 2013).

6.1.2 Interaction between fire-related traits and shifts in fire regime
The presence of fire-related traits in a forest ensures to some degree the
persistence of the same species after fire, but the interaction between species-
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specific fire-related traits and shifts in fire regime can negatively affect post-fire
regeneration. In the previous section, we highlighted the traits that allow certain
species to recover from or survive fires. However, these traits enable them to
recover from or survive a particular fire regime, not just any regime. The term "fire
regime" refers to the characteristics of fires that are prevalent in a given ecosystem,
such as intensity, type of fire, spread pattern, severity, size, frequency, and
seasonality (Keeley et al., 2011).

Theoretically, fire-tolerant forests (i.e., dominated mainly by resprouters) may
be threatened by short fire intervals because stored carbohydrate reserves could be
depleted, reducing their ability to resprout. However, the effects of increasing fire
frequency on resprouting ability are unclear. In this sense, the review by Nolan et
al., (2021) presents studies demonstrating that resprouting species are resilient to
frequent low-intensity fires (e.g., Bennett et al., 2013; Watson et al., 2020), as well as
repeated crown fires (e.g., Collins, 2020). For fire-sensitive forests (i.e, dominated
by obligate seeders), there is much more evidence that short fire intervals may affect
their ability to recover from fire because these species are exposed to "immaturity
risk" (i.e., young individuals may not yet have established a canopy or soil seed bank
when fire arrives) (Zedler, 1995), but long fire intervals also pose "senescence risk"
for these species. For example, results from Marcia et al., (2006) show better
regeneration of P. halepensis in stands with lower fire frequency compared to areas
with higher fire frequency (25,000 vs. 14,000 seedlings ha'). Not only fire frequency
can influence obligate seeders, as increases in fire intensity can kill the seed bank in
the canopy or soil, reducing their availability (e.g., Etchells et al., 2020). In fire-
resistant forests (i.e., dominated by individuals that can resist fire and are post-fire
colonizers), resilience is also limited by age, as the bark of young trees or shrubs
may not be thick enough to withstand moderate-intensity fires. Under conditions of
long fire-free intervals, fire-resistant forests can succumb to fire even when they are
mature because fuel accumulation can lead to high fire intensity/severity. For
example, the high intensity wildfire that occurred in Central Catalonia in 1998
burned primarily mature P. nigra stands whose understory consisted mainly of oaks
(Martin-Alcon et al., 2015). Today, these areas are mainly covered with young oaks.
Regeneration of pines occurs in areas near the fire site where unburned pines have
scattered their seeds into the fire area (Ordéiiez et al., 2006), and within the fire
perimeter around black pine islands that were not burned (Martin-Alcén & Coll,
2016). Thus, P. nigra represents a post-fire colonization strategy because it does not
have a mechanism for local post-fire persistence, but recruits after fire through
seeds dispersed from unburned areas or from populations outside the fire
perimeter.

In summary, the resprouting, seeder and colonizer capacity of fire-tolerant,
sensitive, and resistant forest, respectively, depend, among other factors, on fire
frequency and fire intensity/severity, the importance and signs of which vary
according to species-specific fire-related traits and the age of individuals displaying
specific traits (Table 7). Fire resilient stands are those whose fire-related traits match
the fire regime characteristics of the ecosystem (Rodman et al., 2021). Fire regimes
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suitable for forests dominated by fire-resistant species are characterized by
frequent low-intensity surface fires (Pausas, 2015), while infrequent high-intensity
crown fires are suitable for forests dominated by fire-sensitive species (Pausas et al.,
2004). Fire-tolerant species are adapted to both frequent and infrequent fires, as
well as low and high intensity fires.

Table 7. A summary of positive (+), negative (-) or indifferent (=) effects of fire frequency
and fire severity on the success of the post-fire regeneration in fire tolerant, sensitive and
resistant forest. Note that highly frequent and intense fires are unlikely.

High
frequency

Low
frequency
High
severity
Extreme
severity

6.2 Resilient stands and landscapes to fire and EWE

6.2.1 Characterizing stand resilience to fire

Stand resilience could be characterized as the influence of fire on subsequent
mortality and species composition relative to those that are desired after a fire
(Derose & Long, 2014). For instance, in the case of P. nigra stand resilience to wildfire
could be defined as low mortality in the overstory as a result of a fire and in such
case the strategies for building P. nigra stand resilience would encompass the
retention of large trees. According to Derose & Long (2014), stand resilience differs
from resistance in that resilience explicitly focuses on long-term strategies to
maintain desired vegetation structure and composition rather than the influence of
vegetation structure and composition on fire intensity. The degree of fire resilience
at the stand level depends on the composition of the overstory (i.e., fire sensitive,
tolerant and resistant species), its structure (i.e., fuel arrangement, fuel age) and the
characteristics of the fire regime and the desired vegetation after fire.

Forest type

A variety of fire-related plant characteristics usually coexist within a forest type,
but vegetation communities are often identified based on the response of the
dominant or most readily identifiable vegetation, which is usually the dominant
overstorey species (Nolan et al., 2021). Therefore, a forest type can be classified as
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fire tolerant (dominated by endurers species), fire sensitive (dominated by evasive
species), fire resistant (dominated by resisters species), or fire intolerant (dominated
by avoider species) depending on the post-fire strategies of overstory dominant
species. The BROT 2.0 database developed by Tavsanoglu & Pausas, (2018) may be
helpful to classify forest types in terms of fire resilience. This database contains trait
data from an extensive literature review and some field and experimental
observations (it contains 25,764 individual records on 44 traits of 2,457 plant taxa
distributed among 119 taxonomic families), including information on some fire-
adaptive traits (e.g., fire-stimulated flowering, ability to resprout after fire, heat-
stimulated germination, seedling emergence after fire, fire-related chemical cues,
thick bark, canopy seed bank). These traits can be used to classify plant species of a
given forest type as obligate seeders, resprouters, facultative resprouters, or
colonizers. Most of the records in BROT 2.0 are from studies conducted in the
Iberian Peninsula, followed by Greece, Anatolia, Mediterranean France, and Italy. For
the Mediterranean and Atlantic bioregions, this database provides a considerable
amount of information that can be used to classify a particular forest as tolerant,
sensitive, or resistant to fire. While the BROT 2.0 database does not include studies
conducted in the boreal, continental, and alpine bioregions, it does contain
information on species that occur in these regions (e.g., Pinus mugo, Fagus sylvatica,
Abies alba). To sum up, a first step in evaluating stand resilience to fire is to identify
the dominant overstorey species' post-fire regeneration strategies.

Forest structure

Each forest type can be associated with a forest structure that favours its short-
or long-term resilience after a wildfire. Given the fire-related traits of obligate
seeders, a resilient, fire-sensitive stand would be characterized by 1) mature
individuals (i.e., the age of obligate seeders species should be between the risk of
senescence and immaturity) and 2) intermediate fuel loads to avoid excessive fire
intensity because high temperatures can kill the canopy seed bank. Because
overstory obligate seeders need some time to regenerate and become resilient
again, it is important to consider time in characterizing stand resilience. In contrast,
a non-resilient, fire-sensitive stand would be a young forest where the age of the
individuals is lower than the reproductive age of the species.

The forest structure of a resilient, fire-resistant stand would be characterized by
1) mature or single large trees post-fire colonizer species with thick bark to protect
meristematic tissues from lethal temperatures, and 2) low fuel loads and high
vertical discontinuity to avoid high temperatures in sensitive tissues. For example,
P. nigra stands with a wood volume > of 35 m3 ha™ with high tree heights and large
DBH survived a forest fire (Roman-Cuesta et al., 2009). On the other hand, a non-
resilient, fire-resistant stand would be composed of young post-fire colonizer, or
adult species inhabiting in a stand with high fuel loads; in such cases, fire can lead
to lethal meristem temperatures and regeneration depends on the presence of
unburned stands near the fire perimeter. It is important to note that there are
species that exhibit both fire-sensitive and fire-resistant traits. For example, P.
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halepensis or P. pinaster have serotinous cones, but exhibit relatively thick bark as
adults. In northern Portugal, P. pinaster forest stands with a basal area of 20 m? ha”
and a tree density of > 200 ha™' exhibited low fire severity (Fernandes et al., 2015). In
fact, adult individuals of any species can survive surface fires of low to moderate
intensity as long as fuel loads do not result in high fire intensity and bark is thick
enough to protect meristematic tissue from lethal temperatures. The work by
Fernandes et al., 2008 on the fire resistance of European pines, which reviewed
existing quantitative knowledge of their ability to survive fire, and the work by Bar &
Mayr, 2020 on the fire resistance and thermal insulation of the bark of alpine species
can be used to determine which species have thick bark and can therefore benefit
from forest structures with low fuel loads and high vertical discontinuity.

In contrast to fire-sensitive and fire-resistant forest types, a resilient, fire-
tolerant stand may be more diverse in terms of forest structure because
resprouters species can withstand different fire frequencies and severities (Buhk et
al., 2007). In any case, forest structures with lower fuel loads may be more suitable,
as resprouting may be limited if fire kills protected buds.

Desired forest type after fire

A fire resilient stand would be the one in which the interaction between forest
structure, fire frequency, and fire severity results in the desired forest type within a
given time period. The desired post-fire forest type may be the same as the pre-fire
forest type or an alternative resilient forest type.

To maintain the same forest type in the short or long term after fire, the fire
regime and forest structure should be matched to the plant fire-related traits of the
forest, as discussed earlier. If the fire regime and/or forest structure are not suitable
for maintaining such a forest type, managers should consider whether the
alternative state is resilient to the current fire regime and therefore the transition to
a new condition is suited. If the alternative state is not resilient, the stand could be
restored to the pre-fire forest type, seeking a forest structure adapted to the fire
regime of the area (adaptative resilience), or it could be converted to a less
flammable forest type (transformative resilience).

6.2.2 Characterizing landscapes resilience to fire

Landscape resilience can be characterised as the influence of fire on the
distribution of age classes and the dominance of species relative to desirable species
(Derose & Long, 2014). That is, landscape resilience could be characterised as
reflecting the goal of maintaining P. halepensis dominance in the long-term. Such
resilience could be represented by ensuring a high proportion of mature stands in
the landscape, as mature stands that have reached reproductive maturity will
ensure the maintenance of P. halepensis dominated stands in the landscape when
threatened by fire. Factors that influence the resilience of a landscape include
biological legacies, age class diversity, size class diversity and the diversity of
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successional stages (Agee & Skinner, 2005) of different forest types within a given
landscape and fire regime.

6.2.3 Landscape resilience to EWE

The resilience of multiple stands to fire disturbance depends on the frequency
and intensity of the disturbance. EWEs are characterized by low (albeit increasing)
frequency and extreme intensity. Therefore, fire intensity rather than frequency
should have the greatest impact on post-EWE vegetation recovery. However, EWEs
do not necessarily lead to ecological disasters, because the erratic behavior of EWE
can lead to a mosaic of different severities, with extreme intensity in certain
locations. Following this rationale, fire-resistant species would be most affected by
EWE because they are more sensitive to extreme fire intensity than obligate seeders
and resprouters species. Furthermore, when fire-resistant stands are exposed to
extreme fire intensities, overall mortality of resistant species can be expected,
regardless of fuel load, vertical discontinuity, or tree size, because EWEs occur in
such severe weather and fuel (dryness) conditions that fire spreads to the crown
regardless of vertical discontinuity.

In the context of EWE and setting the management goal of maintaining the
predominant forest type on the landscape:

e A resilient landscape dominated by post-fire colonizer species should be
composed of a high proportion of stands with low fuel load and large tree
size classes. This might ensure that unburned or low impact areas can be
found after EWE due to its unpredictable behavior.

e Arresilient landscape dominated by obligate seeder species could consist of
a variety of age classes to ensure reproductive maturity, with a high
proportion of mature stands with low fuel loads to decrease the severity of a
potential EWE and preserve to some extent the availability of the seed bank.

e Aresilient landscape dominated by resprouter species could be composed
of a high proportion of stands with low fuel loads to avoid extreme severity
resulting in reduced resprouting vigor.

A common factor, regardless of forest type, is the need for low fuel loads to
reduce the severity of EWE as much as possible. Reducing fuel load confers not only
resilience to EWE but also, as discussed in the first section of this report, on
resistance to EWE.
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7 Questionnaire results on resilience to EWE

This section presents the results of the questionnaire related with factors driving
resilient landscapes to fire (question 8) (Appendix: 10.2 Questionnaire). Question 8
asked experts to select a maximum of two vegetation types from a list of and
then provide stand and landscape level indicators for a silvicultural strategy aimed
at maintaining the same pre/post-fire vegetation types (either short- or long-term
post-fire). 13 experts out of 35 provided one or more metrics and a corresponding
threshold (Table 8).

Table 8. Stand-level indicators tied to the vegetation types selected by a total of 13
experts. Similar answers were coded with the same category/indicator.

Hemiboreal and continental Scots pine (P. sylvestris)
forests

Open stands; low tree | Swiss stone pine (P. cembra) forests

density; spaced trees | Tall deciduous oak (Quercus sp.) forests

Alpine Black pine (P. nigra) in the Alps

Hemiboreal Mountain pine (P. mugo) forests
Hemiboreal and continental Scots pine (P. sylvestris)
Large trees; mature forests

stage Mixed Quercus sp. and Fraxinus forests

Tall deciduous oak (Quercus sp.) forests

Alpine Black pine (P. nigra) in the Alps

Low understory Fir (Abies alba) forests

Spruce (Picea abies) forests

Fir (A. alba) forests

Pruned Spruce (P. abies) forests

Tall deciduous oak (Quercus sp.) forests
Mixed broadleaves Spruce (P. abies) forests
Uneven age Beech (Fagus sp.) forests
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8 Resilient landscapes to EWE and high
intensity fires

8.1 Summary: resistance to EWE and high intensity

wildfires

Based on the literature review and survey results, a summary table of key factors
(and their relative importance), metrics, and thresholds that determine landscape
resistance to EWE and high intensity fires was developed (Table 9). There are two
aspects that are important to note. First, here only fuel factors have been reviewed,
and the influence of other factors (e.g., atmospheric conditions, weather, relative
humidity) have not been considered in this report. Second, the fact that the wildfire
behaviour varies according to the combination of the influence of several metrics.

Table 9. Summary of the main factors, metrics and thresholds influencing resistance to
high intense wildfires and extreme wildfire events. Not avail., not available; Not appl., not
applicable. The values provided are derived from the literature review and the survey
results.

Fine  fuel
load (t ha?)
Canopy
bulk
density (kg
m-3)

Stand 1 Fuel load 10 10

0.05-0.1

Horizontal Canopy Not avail. Fire intensity
o 70-80 .
continuity cover (%) and severity
Basal area
(m? ha)
Understory
cover (%)
Canopy
base height 7 Not appl.
(m)
Time since
last fire 9
(years)
Landscape
Fuel treated in
connectivity | strategic 20
locations
(%)
Effective
mesh sizel| Not avail. Not avail. Fire spread
(ha)

Stand 2

20

30

3: high Vertical

S intensity fires | continuity

4: high
Landscape | intensity fires
3: EWE

Not avail. Fire spread

34



D1.11 ECOLOGICAL FACTORS DRIVING RESISTANT AND RESILIENT LANDSCAPES

TO HIGH INTENSITY AND EXTREME WILDFIRE EVENTS

. Conifers and
5: high .
. g Fuel Dominant shrublands . .
Stand intensity fires . . Not appl. Fire severity
composition | species Vs.
6: EWE
broadleaves

'Average size of the area that a randomly located fire will burn in a fuel type without
encountering a barrier or other fuel type (see Fernandes et al., 2016)

The factors that determine resistance to EWE are, in order of importance, fuel
load, horizontal continuity, fuel connectivity, LULC structure, and fuel composition.
The results of the questionnaire suggest that the order of the identified factors
should be the same regardless of the bioregion. Vertical continuity is excluded as a
factor that may affect the development of EWE because as noted by one of the
experts the transition of fire from the surface to the canopy occurs due to plume-
atmosphere interaction. The effects of fuel composition on the spread of EWE is
irrelevant but may play a role in reducing fire severity. In this sense, less flammable
land use or land cover types, such as agricultural land, may have a greater influence
on fire spread than variations in flammable land cover types. For high intensity fires,
thresholds that matched both literature review and experts' results are provided,
and for such fires vertical continuity is included as it negatively influences resistance.

8.2 Summary: ecological resilience to EWE and high

intensity fires

Based on the literature review and survey results, a summary table of the
influence of fire regime factors on the resilience of different forest types has been
developed (Table 10). The table also shows the desired forest structure at the stand
and landscape level to ensure the maintenance of the same forest type after the fire
(basic resilience). However, an alternative state can be even more resilient and this
needs to be considered (transformative resilience).
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Table 10. Influence of fire regime factors, that characterize EWE or high-intensity wildfires
on the resilience of fire-tolerant, -sensitive, and -resistant forests. The sign of the effect of
each factor on the resilience of different forest types is indicated in parentheses. If the
effect is negative, the desired forest structure at the stand and landscape level to ensure
the same forest type after the fire event is indicated.

(--)
(=) High proportion of =)
stands with low fuel
loads to avoid extreme
severity resulting in
reduced resprouting
vigour.
(=) ) (--) (=)
. . Variety of
High proportion of cuccessional

X mature stands with low
Fire . age classes to

- fuel loads to avoid
sensitive ensure

extreme severity .
oo reproductive
resulting in reduced seed .
maturity.

availability.

Fire
tolerant

=) (--)
Moderate

proportion of fire-
resistant stands
(i.e. low fuel load
and large tree size
or mature
successional
stage) within the
landscape respect
to non-fire-
resistant stands.

(--)
(=) High proportion of fire-
resistant stands within
the landscape (i.e. low
fuel load and large tree
Size or mature
successional stage)

Fire respect to non-fire-
resistant resistant stands. This
might ensure that
unburned or low impact
areas can be found
within the EWE perimeter
due to unpredictable
behavior of EWE.
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8.3 Multidimensional assessment of fire resilient

landscapes

Within the framework FIRE-RES, the assessment of a fire resilient landscape
aims to embrace all elements of the socio-ecological system (e.g., physical,
ecological, economic, or social). Using a multidimensional approach the assessment
of afire resilient environment is more realistic than using only one dimension (Figure
5). The challenge for FIRE-RES is in operationalizing the dimensions of fire resilient
landscapes. Here, we have provided factors, metrics and thresholds for the
assessment of the physical environment dimension.

Economic

Emergency
management
organization

Social and Resilience
individual

High [u)
9
8
il
6
5
Physical 4
Infrastructures : 3
environment 5
Low

Scores determined by
key parameters and
associated thresholds
e i for each resilience

i, I dimension.
PRl R Ecological
’ functioning

Other?

Figure 5. Framework for guiding the assessment of fire resilient landscape status across
key dimensions. Based on the KHT innovation readiness level.

37



D1.11 ECOLOGICAL FACTORS DRIVING RESISTANT AND RESILIENT LANDSCAPES

TO HIGH INTENSITY AND EXTREME WILDFIRE EVENTS

9 References

Agee, J. K. (1996). The influence of forest structure on fire behavior. Proceedings of
the 17th Annual Forest Vegetation Management Conference, 52-68.

Agee, J. K., & Skinner, C. N. (2005). Basic principles of forest fuel reduction
treatments. Forest Ecology and Management, 211(1-2), 83-96.

Ager, A. A, Day, M. A,, Finney, M. A,, Vance-Borland, K., & Vaillant, N. M. (2014).
Analyzing the transmission of wildfire exposure on a fire-prone landscape in
Oregon, USA. Forest Ecology and Management, 334, 377-390.

Alcasena, F. J., Ager, A. A,, Salis, M., Day, M. A., & Vega-Garcia, C. (2018). Optimizing
prescribed fire allocation for managing fire risk in central Catalonia. Science of
the Total Environment, 621, 872-885.

Alexander, M. E., & Cruz, M. G. (2012). Interdependencies between flame length and
fireline intensity in predicting crown fire initiation and crown scorch height.
International Journal Of Wildland Fire, 95-113.

Alexander, M. E., & Cruz, M. G. (2020). Encyclopedia of wildfires and wildland-urban
interface (WUI) fires. In S. L. Manzello (Ed.), Encyclopedia of wildfires and
wildland-urban interface (WUI) fires (pp. 453-460). Springer.

Allgower, B., Harvey, S., & Ruegsegger, M. (1998). Fuel models for Switzerland:
description, spatial pattern, index for torching and crowning. Proc. 3rd
International Conference on Forest Fire Research & 14th Fire and Forest
Meteorology Conference, ADAI, Coimbra, 2605-2620.

Alvarez, A., Gracia, M., Vayreda, )., & Retana, J. (2012). Forest Ecology and
Management Patterns of fuel types and crown fire potential in Pinus halepensis
forests in the Western Mediterranean Basin. Forest Ecology and Management,
270, 282-290. https://doi.org/10.1016/j.foreco.2011.01.039

Anderson, H. E. (1981). Aids to determining fuel models for estimating fire behavior (Vol.
122). US Department of Agriculture, Forest Service, Intermountain Forest and
Range ....

Aparicio, B. A, Pereira, J. M. C,, Santos, F. C., Bruni, C., &Sa, A. C. L. (2022). Combining
wildfire behaviour simulations and network analysis to support wildfire
management: A Mediterranean landscape case study. ECOLOGICAL INDICATORS,
137. https://doi.org/10.1016/j.ecolind.2022.108726

Aparicio, B. A., Santos, J. A, Freitas, T.R., Sa, A. C. L., Pereira, J. M. C., & Fernandes, P.
M. (2022). Unravelling the effect of climate change on fire danger and fire
behaviour in the Transboundary Biosphere Reserve. Climatic Change, 1-20.
https://doi.org/10.1007/s10584-022-03399-8

Aragoneses, E., & Chuvieco, E. (2021). Generation and mapping of fuel types for fire
risk assessment. Fire, 4(3). https://doi.org/10.3390/fire4030059

38



D1.11 ECOLOGICAL FACTORS DRIVING RESISTANT AND RESILIENT LANDSCAPES

TO HIGH INTENSITY AND EXTREME WILDFIRE EVENTS

Ascoli, D., Vacchiano, G., Scarpa, C., Arca, B., Barbati, A., Battipaglia, G., Elia, M.,
Esposito, A., Garfi, V., Lovreglio, R., Mairota, P., Marchetti, M., Marchi, E., Meytre,
S., Ottaviano, M., Pellizzaro, G., Rizzolo, R., Sallustio, L., Salis, M., ... Bacciu, V.
(2020). Harmonized dataset of surface fuels under alpine, temperate and
mediterranean conditions in Italy. A synthesis supporting fire management.
IForest, 13(6), 513-522. https://doi.org/10.3832/ifor3587-013

Azevedo, J. C., Possacos, A., Aguiar, C. F., Amado, A., Miguel, L., Dias, R., Loureiro, C.,
& Fernandes, P. M. (2013). The role of holm oak edges in the control of
disturbance and conservation of plant diversity in fire-prone landscapes. Forest
Ecology and Management, 297, 37-48.
https://doi.org/10.1016/j.foreco.2013.02.007

Baeza, M.]., & Roy, J. (2008). Germination of an obligate seeder (Ulex parviflorus) and
consequences for wildfire management. Forest Ecology and Management, 256(4),
685-693.

Baker, W. L. (1994). Restoration of landscape structure altered by fire suppression.
Conservation Biology, 8(3), 763-769.

Bar, A., & Mayr, S. (2020). Forest Ecology and Management Bark insulation: Ten
Central Alpine tree species compared. Forest Ecology and Management,
474(May), 118361. https://doi.org/10.1016/j.foreco.2020.118361

Bennett, L. T., Aponte, C., Tolhurst, K. G., Ldw, M., & Baker, T. G. (2013). Decreases in
standing tree-based carbon stocks associated with repeated prescribed fires in
a temperate mixed-species eucalypt forest. Forest Ecology and Management,
306, 243-255.

Bevers, M., Omi, P. N., & Hof, J. (2004). Random location of fuel treatments in
wildland community interfaces: A percolation approach. Canadian Journal of
Forest Research, 34(1), 164-173. https://doi.org/10.1139/x03-204

Bond, W. J., & Midgley, J. J. (2001). Ecology of sprouting in woody plants: the
persistence niche. Trends in Ecology & Evolution, 16(1), 45-51.

Botequim, B., Fernandes, P. M., Borges, J. G., Gonzdlez-Ferreiro, E., & Guerra-
Hernandez, J. (2019). Improving silvicultural practices for Mediterranean forests
through fire behaviour modelling using LiDAR-derived canopy fuel
characteristics. International Journal of Wildland Fire, 28(11), 823-839.
https://doi.org/10.1071/WF19001

Botequim, B., Fernandes, P. M., Garcia-Gonzalo, J., Silva, A., & Borges, J. G. (2017).
Coupling fire behaviour modelling and stand characteristics to assess and
mitigate fire hazard in a maritime pine landscape in Portugal. European Journal
of Forest Research, 136(3), 527-542. https://doi.org/10.1007/s10342-017-1050-7

Brown, J. K. (1982). Handbook for inventorying surface fuels and biomass in the Interior
West (Vol. 129). US Department of Agriculture, Forest Service, Intermountain
Forest and Range ....

39



D1.11 ECOLOGICAL FACTORS DRIVING RESISTANT AND RESILIENT LANDSCAPES

TO HIGH INTENSITY AND EXTREME WILDFIRE EVENTS

Buhk, C., Meyn, A., &Jentsch, A. (2007). The challenge of plant regeneration after fire
in the Mediterranean Basin: Scientific gaps in our knowledge on plant strategies
and evolution of traits. Plant Ecology, 192(1), 1-19.
https://doi.org/10.1007/s11258-006-9224-2

Burrows, N., Ward, B., & Robinson, A. (2000). Behaviour and some impacts of a large
wildfire in the Gnangara maritime pine (Pinus pinaster) plantation, Western
Australia. CALMScience, 3(2), 251-260.

Collins, L. (2020). Eucalypt forests dominated by epicormic resprouters are resilient
to repeated canopy fires. Journal of Ecology, 108(1), 310-324.

Conti, G., Enrico, L., Casanoves, F., & Diaz, S. (2013). Shrub biomass estimation in the
semiarid Chaco forest: a contribution to the quantification of an underrated
carbon stock. Annals of Forest Science, 70(5), 515-524.

Cruz, M., Alexander, M., & Fernandes, P. (2022). Evidence for lack of a fuel effect on
forest and shrubland fire rates of spread under elevated fire danger conditions:
implications for modelling and management. International Journal of Wildland
Fire, March, 1-9. https://doi.org/10.1071/wf21171

Cruz, M. G., Alexander, M. E., & Wakimoto, R. H. (2005). Development and testing of
models for predicting crown fire rate of spread in conifer forest stands.
Canadian Journal of Forest Research, 35(7), 1626-1639.

Cruz, M. G., & Fernandes, P. M. (2008). Development of fuel models for fire behaviour
prediction in maritime pine (Pinus pinaster Ait.) stands. International Journal of
Wildland Fire, 17(2), 194-204. https://doi.org/10.1071/WF07009

Daskalakou, E. N., & Thanos, C. A. (1996). Aleppo pine (Pinus halepensis) postfire
regeneration: the role of canopy and soil seed banks. International Journal of
Wildland Fire, 6(2), 59-66.

De Caceres, M., Casals, P., Gabriel, E., & Castro, X. (2019). Scaling-up individual-level
allometric equations to predict stand-level fuel loading in Mediterranean
shrublands. Annals of Forest Science, 76(3), 1-17.

Derose, R.]., & Long, J. N. (2014). Resistance and resilience: a conceptual framework
for silviculture. Forest Science, 60(6), 1205-1212.
https://doi.org/10.5849/forsci.13-507

Dimitrakopoulos, A. (2002). Mediterranean fuel models and potential fire behaviour
in  Greece. International Journal of Wildland Fire, 11, 127-130.
https://doi.org/10.1071/WF02018

Duane, A., Kelly, L., Giljohann, K., Batllori, E., McCarthy, M., & Brotons, L. (2019).
Disentangling the influence of past fires on subsequent fires in Mediterranean
landscapes. Ecosystems, 22(6), 1338-1351.

Duane, A., Miranda, M. D., & Brotons, L. (2021). Forest connectivity percolation
thresholds for fire spread under different weather conditions. FOREST ECOLOGY

40



D1.11 ECOLOGICAL FACTORS DRIVING RESISTANT AND RESILIENT LANDSCAPES

TO HIGH INTENSITY AND EXTREME WILDFIRE EVENTS

AND MANAGEMENT, 498. https://doi.org/10.1016/j.foreco.2021.119558

Duane, A, Piqué, M., Castellnou, M., & Brotons, L. (2015). Predictive modelling of fire
occurrences from different fire spread patterns in Mediterranean landscapes.
International Journal of Wildland Fire, 24(3), 407-418.
https://doi.org/10.1071/WF14040

Duguy, B., Alloza, J. A., Roder, A., Vallejo, R., & Pastor, F. (2007). Modelling the effects
of landscape fuel treatments on fire growth and behaviour in a Mediterranean
landscape (eastern Spain). International Journal of Wildland Fire, 16(5), 619-632.

Elia, M., Lafortezza, R., Lovreglio, R., & Sanesi, G. (2015). Developing Custom Fire
Behavior Fuel Models for Mediterranean Wildland-Urban Interfaces in
Southern Italy. Environmental Management, 56(3), 754-764.
https://doi.org/10.1007/s00267-015-0531-z

Etchells, H., O’'Donnell, A. J., McCaw, W. L., & Grierson, P. F. (2020). Fire severity
impacts on tree mortality and post-fire recruitment in tall eucalypt forests of
southwest Australia. Forest Ecology and Management, 459, 117850.

Fahnestock, G. R. (1970). Two keys for appraising forest fire fuels. Res. Bull. PNW-RB-
099. Portland, OR: US Department of Agriculture, Forest Service, Pacific Northwest
Research Station. 31 P, 99.

Fernandes, P. A. M., Loureiro, C. A., & Botelho, H. S. (2004). Fire behaviour and
severity in a maritime pine stand under differing fuel conditions. Annals of Forest
Science, 61(6), 537-544.

Fernandes, P., Botelho, H., & Loureiro, C. (1999). Fire hazard implications of
alternative fuel management techniques - case studies from northern Portugal.
Proceedings from the joint Fire Science Conference, January, 48-50.

Fernandes, P. M. (2009a). Combining forest structure data and fuel modelling to
classify fire hazard in Portugal. Annals of Forest Science, 66(4), 415-415.
https://doi.org/10.1051/forest/2009013

Fernandes, P. M. (2009b). Examining fuel treatment longevity through experimental
and simulated surface fire behaviour: A maritime pine case study. Canadian
Journal of Forest Research, 39(12), 2529-2535. https://doi.org/10.1139/X09-145

Fernandes, P. M. (2015). Empirical support for the use of prescribed burning as a
fuel treatment. Current Forestry Reports, 1(2), 118-127.
https://doi.org/10.1007/s40725-015-0010-z

Fernandes, P. M., Barros, A. M. G., Pinto, A., & Santos, J. A. (2016). Characteristics and
controls of extremely large wildfires in the western Mediterranean Basin.
Journal of Geophysical Research: Biogeosciences, 121(8), 2141-2157.
https://doi.org/10.1002/2016JG003389

Fernandes, P. M., Fernandes, M. M., & Loureiro, C. (2015). Post-fire live residuals of
maritime pine plantations in Portugal: Structure, burn severity, and fire

41



D1.11 ECOLOGICAL FACTORS DRIVING RESISTANT AND RESILIENT LANDSCAPES

TO HIGH INTENSITY AND EXTREME WILDFIRE EVENTS

recurrence. Forest Ecology and Management, 347(February), 170-179.
https://doi.org/10.1016/j.foreco.2015.03.023

Fernandes, P. M., Guiomar, N., & Rossa, C. G. (2019). Analysing eucalypt expansion
in Portugal as a fire-regime modifier. Science of the Total Environment, 666, 79-
88. https://doi.org/10.1016/j.scitotenv.2019.02.237

Fernandes, P. M., Luz, A., & Loureiro, C. (2010). Changes in wildfire severity from
maritime pine woodland to contiguous forest types in the mountains of
northwestern Portugal. Forest Ecology and Management, 260(5), 883-892.
https://doi.org/10.1016/j.foreco.2010.06.008

Fernandes, P. M., Monteiro-Henriques, T., Guiomar, N., Loureiro, C., & Barros, A. M.
G. (2016). Bottom-Up Variables Govern Large-Fire Size in Portugal. Ecosystems,
19(8), 1362-1375. https://doi.org/10.1007/s10021-016-0010-2

Fernandes, P. M., Vega, A., & Jime, E. (2008). Forest Ecology and Management Fire
resistance of European pines. 1-10. https://doi.org/10.1016/j.foreco.2008.04.032

Fernandez-Alonso, J. M., Alberdi, I., Alvarez-Gonzalez, J. G., Vega, J. A., Cafiellas, I., &
Ruiz-Gonzalez, A. D. (2013). Canopy fuel characteristics in relation to crown fire
potential in pine stands: Analysis, modelling and classification. European Journal
of Forest Research, 132(2), 363-377. https://doi.org/10.1007/s10342-012-0680-z

Fernandez-Alonso, J. M., Vega, J. A., Jiménez, E., Ruiz-Gonzélez, A. D., & Alvarez-
Gonzalez, J. G. (2017). Spatially modeling wildland fire severity in pine forests of
Galicia, Spain. European Journal of Forest Research, 136(1), 105-121.
https://doi.org/10.1007/s10342-016-1012-5

Finney, M. A, Seli, R. C., McHugh, C. W., Ager, A. A., Bahro, B., & Agee, J. K. (2007).
Simulation of long-term landscape-level fuel treatment effects on large
wildfires. International Journal of Wildland Fire, 16(6), 712-727.

Folke, C., Carpenter, S. R., Walker, B., Scheffer, M., Chapin, T., & Rockstrém, J. (2010).
Resilience thinking: integrating resilience, adaptability and transformability.
Ecology and Society, 15(4).

Frandsen, W. H. (1987). The influence of moisture and mineral soil on the
combustion limits of smoldering forest duff. Canadian Journal of Forest Research,
17(12), 1540-1544.

Fulé, P. Z,, Ribas, M., Gutiérrez, E., Vallejo, R., & Kaye, M. W. (2008). Forest structure
and fire history in an old Pinus nigra forest, eastern Spain. Forest Ecology and
Management, 255(3-4), 1234-1242.

Garcia-Llamas, P., Suarez-Seoane, S., Taboada, A., Fernandez-Manso, A., Quintano,
C., Fernandez-Garia, V., Fernandez-Guisuraga, J. M., Marcos, E., & Calvo, L.
(2019). Environmental drivers of fire severity in extreme fire events that affect
Mediterranean pine forest ecosystems. FOREST ECOLOGY AND MANAGEMENT,
433, 24-32. https://doi.org/10.1016/j.foreco.2018.10.051

42



D1.11 ECOLOGICAL FACTORS DRIVING RESISTANT AND RESILIENT LANDSCAPES

TO HIGH INTENSITY AND EXTREME WILDFIRE EVENTS

Garcia-valdés, R., Nadal-sala, D., Sabaté, S., & Martin-stpaul, N. (2022). MEDFATE 2. 8
. 1: Atrait-enabled model to simulate Mediterranean forest function and dynamics
at regional scales. November.

Gardner, R. H., Milne, B. T., Turnei, M. G., & O'Neill, R. V. (1987). Neutral models for
the analysis of broad-scale landscape pattern. Landscape Ecology, 1(1), 19-28.

Gbémez-Vazquez, |., Crecente-Campo, F., Diéguez-Aranda, U., & Castedo-Dorado, F.
(2013). Modelling canopy fuel variables in Pinus pinaster Ait. and Pinus radiata
D. Don stands in northwestern Spain. Annals of Forest Science, 70(2), 161-172.

Gomez-Vazquez, |, Fernandes, P. M., Arias-Rodil, M., Barrio-Anta, M., & Castedo-
Dorado, F. (2014). Using density management diagrams to assess crown fire
potential in Pinus pinaster Ait. stands. Annals of Forest Science, 71(4), 473-484.
https://doi.org/10.1007/s13595-013-0350-4

Gonzalez, J. R., Palahi, M., Trasobares, A., & Pukkala, T. (2006). A fire probability
model for forest stands in Catalonia (north-east Spain). Annals of Forest Science,
63(2), 169-176.

Graham, R. T., McCaffrey, S., & Jain, T. B. (2004). Science basis for changing forest
structure to modify wildfire behavior and severity. United States Department of
Agriculture Forest Service, Rocky Mountain ....

Heisig, J., Olson, E., & Pebesma, E. (2022). Predicting Wildfire Fuels and Hazard in a
Central European Temperate Forest Using Active and Passive Remote Sensing.
Fire, 5(1), 1-23. https://doi.org/10.3390/fire5010029

Hodgson, D., McDonald, J. L., & Hosken, D. J. (2015). What do you mean,'resilient?
Trends in Ecology & Evolution, 30(9), 503-506.

Huff, S., Ritchie, M., & Temesgen, H. (2017). Allometric equations for estimating
aboveground biomass for common shrubs in northeastern California. Forest
Ecology and Management, 398, 48-63.

Johnson, M. C,, Kennedy, M. C., & Harrison, S. (2019). Fuel treatments change forest
structure and spatial patterns of fire severity, Arizona, USA. Canadian Journal of
Forest Research, 49(11), 1357-1370.

Keeley, J. E. (2009). Fire intensity, fire severity and burn severity: a brief review and
suggested usage. International Journal of Wildland Fire, 18(1), 116-126.

Keeley, J. E., Bond, W. J., Bradstock, R. A., Pausas, J. G., & Rundel, P. W. (2011). Fire in
Mediterranean ecosystems: ecology, evolution and management. Cambridge
University Press.

Krsnik, G., Olivé, E. B., Nicolau, M. P., Larrafiaga, A., Cardil, A., Garcia-Gonzalo, J., &
Olabarria, J. R. G. (2020). Regional level data server for fire hazard evaluation
and fuel treatments planning. Remote Sensing, 12(24), 1-17.
https://doi.org/10.3390/rs12244124

43



D1.11 ECOLOGICAL FACTORS DRIVING RESISTANT AND RESILIENT LANDSCAPES

TO HIGH INTENSITY AND EXTREME WILDFIRE EVENTS

Lloret, F., Calvo, E., Pons, X., & Diaz-Delgado, R. (2002). Wildfires and landscape
patterns in the Eastern Iberian Peninsula. Landscape Ecology, 17(8), 745-759.
https://doi.org/10.1023/A:1022966930861

Lloret, F., Keeling, E. G., & Sala, A. (2011). Components of tree resilience: effects of
successive low-growth episodes in old ponderosa pine forests. Oikos, 120(12),
1909-1920.

Loehle, C. (2004). Applying landscape principles to fire hazard reduction. Forest
Ecology and Management, 198(1-3), 261-267.
https://doi.org/10.1016/j.foreco.2004.04.010

Loepfe, L., Martinez-vilalta, J., Oliveres, )., Pi, J., & Lloret, F. (2010). Forest Ecology and
Management Feedbacks between fuel reduction and landscape homogenisation
determine fire regimes in three Mediterranean areas. 259, 2366-2374.
https://doi.org/10.1016/j.foreco.2010.03.009

Marcia, E., Iraima, V., Francisco, L., & Josep Maria, E. (2006). Recruitment and growth
decline in Pinus halepensis populations after recurrent wildfires in Catalonia
(NE Iberian Peninsula). Forest Ecology and Management, 231(1-3), 47-54.
https://doi.org/10.1016/j.foreco.2006.05.007

Martin-Alcén, S., & Coll, L. (2016). Unraveling the relative importance of factors
driving post-fire regeneration trajectories in non-serotinous Pinus nigra forests.
Forest Ecology and Management, 361, 13-22.

Martin-Alcén, S., Coll, L., De Caceres, M., Guitart, L., Cabré, M., Just, A., & Gonzalez-
Olabarria, J. R. (2015). Combining aerial LiDAR and multispectral imagery to
assess postfire regeneration types in a Mediterranean forest. Canadian Journal
of Forest Research, 45(7), 856-866.

Menning, K. M., & Stephens, S. L. (2007). Fire climbing in the forest: a semiqualitative,
semiquantitative approach to assessing ladder fuel hazards. Western Journal of
Applied Forestry, 22(2), 88-93.

Miller, C., & Urban, D. L. (2000). Connectivity of forest fuels and surface fire regimes.
Landscape Ecology, 15(2), 145-154. https://doi.org/10.1023/A:1008181313360

Mitsopoulos, I., Chrysafi, I., Bountis, D., & Mallinis, G. (2019). Assessment of factors
driving high fire severity potential and classification in a Mediterranean pine
ecosystem. Journal of Environmental Management, 235(May 2018), 266-275.
https://doi.org/10.1016/j.jenvman.2019.01.056

Mitsopoulos, I. D., & Dimitrakopoulos, A. P. (2007). Canopy fuel characteristics and
potential crown fire behavior in Aleppo pine (Pinus halepensis Mill.) forests.
Annals of Forest Science, 64(3), 287-299. https://doi.org/10.1051/forest:2007006

Mitsopoulos, I., & Xanthopoulos, G. (2016). Effect of stand, topographic, and climatic
factors on the fuel complex characteristics of Aleppo (Pinus halepensis Mill.)
and Calabrian (Pinus brutia Ten.) pine forests of Greece. Forest Ecology and

44



D1.11 ECOLOGICAL FACTORS DRIVING RESISTANT AND RESILIENT LANDSCAPES

TO HIGH INTENSITY AND EXTREME WILDFIRE EVENTS

Management, 360, 110-121. https://doi.org/10.1016/j.foreco.2015.10.027

Molina, J. R., y Silva, F. R., & Herrera, M. A. (2011). Potential crown fire behavior in
Pinus pinea stands following different fuel treatments. Forest Systems, 20(2),
266-267.

Moreira, F., Ascoli, D., Safford, H., Adams, M. A., Moreno, J. M., Pereira, J. M. C., Catry,
F. X., Armesto, J., Bond, W., Gonzalez, M. E., Curt, T., Koutsias, N., McCaw, L.,
Price, O., Pausas, J. G., Rigolot, E., Stephens, S., Tavsanoglu, C., Vallejo, V. R,, ...
Fernandes, P. M. (2020). Wildfire management in Mediterranean-type regions:
Paradigm change needed. Environmental Research Letters, 15(1), 11001.
https://doi.org/10.1088/1748-9326/ab541e

Moreira, F., Viedma, O., Arianoutsou, M., Curt, T., Koutsias, N., Rigolot, E., Barbati, A.,
Corona, P., Vaz, P., Xanthopoulos, G., Mouillot, F., & Bilgili, E. (2011). Landscape
- wildfire interactions in southern Europe: Implications for landscape
management. Journal of Environmental Management, 92(10), 2389-2402.
https://doi.org/10.1016/j.jenvman.2011.06.028

Moritz, M. A., Moody, T. J., Krawchuk, M. A., Hughes, M., & Hall, A. (2010). Spatial
variation in extreme winds predicts large wildfire locations in chaparral
ecosystems. Geophysical Research Letters, 37(4).

Neumann, M., Vila-Vilardell, L., Muller, M. M., & Vacik, H. (2022). Fuel loads and fuel
structure in Austrian coniferous forests. International Journal of Wildland Fire,
June, 1-15. https://doi.org/10.1071/wf21161

Nikinmaa, L., Lindner, M., Cantarello, E., Jump, A. S., Seidl, R., Winkel, G., & Muys, B.
(2020). Reviewing the Use of Resilience Concepts in Forest Sciences. Current
Forestry Reports, 6(2), 61-80. https://doi.org/10.1007/s40725-020-00110-x

Nimmo, D. G., Mac Nally, R., Cunningham, S. C., Haslem, A., & Bennett, A. F. (2015).
Vive la résistance: Reviving resistance for 21st century conservation. Trends in
Ecology and Evolution, 30(9), 516-523.
https://doi.org/10.1016/j.tree.2015.07.008

Nolan, R. H., Collins, L., Leigh, A., Ooi, M. K. J., Curran, T. J., Fairman, T. A., Resco de
Dios, V., & Bradstock, R. (2021). Limits to post-fire vegetation recovery under
climate change. Plant Cell and Environment, 44(11), 3471-34809.
https://doi.org/10.1111/pce.14176

Nunes, M. C. S., Vasconcelos, M. J., Pereira, J. M. C., Dasgupta, N., Alldredge, R. J., &
Rego, F. C. (2005). Land Cover Type and Fire in Portugal: Do Fires Burn Land
Cover Selectively? Landscape Ecology, 20(6), 661-673.
https://doi.org/10.1007/s10980-005-0070-8

Ordofiez, J. L., Molowny-Horas, R., & Retana, J. (2006). A model of the recruitment of
Pinus nigra from unburned edges after large wildfires. Ecological Modelling,
197(3-4), 405-417.

45



D1.11 ECOLOGICAL FACTORS DRIVING RESISTANT AND RESILIENT LANDSCAPES

TO HIGH INTENSITY AND EXTREME WILDFIRE EVENTS

Oyonarte, P. B., & Cerrillo, R. M. N. (2003). Aboveground phytomass models for
major species in shrub ecosystems of western Andalusia. Forest Systems, 12(3),
47-55.

Palmero-Iniesta, M., Domenech, R., Molina-Terrén, D., & Espelta, J. M. (2017). Fire
behavior in Pinus halepensis thickets: Effects of thinning and woody debris
decomposition in two rainfall scenarios. Forest Ecology and Management,
404(August), 230-240. https://doi.org/10.1016/j.foreco.2017.08.043

Pausas, J. G. (2015). Bark thickness and fire regime. Functional Ecology, 29(3), 315-
327.

Pausas, J. G.(2019). Generalized fire response strategies in plants and animals. Oikos,
128(2), 147-153. https://doi.org/10.1111/0ik.05907

Pausas, J. G., Bradstock, R. A., Keith, D. A., & Keeley, J. E. (2004). Plant functional traits
in relation to fire in crown-fire ecosystems. Ecology, 85(4), 1085-1100.

Pausas, J. G., & Keeley, J. E. (2014). Evolutionary ecology of resprouting and seeding
in fire-prone ecosystems. New Phytologist, 204(1), 55-65.
https://doi.org/10.1111/nph.12921

Pimont, F., Dupuy, J. L., & Rigolot, E. (2018). A simple model for shrub-strata-fuel
dynamics in Quercus coccifera L. communities. Annals of Forest Science, 75(2).
https://doi.org/10.1007/5s13595-018-0713-y

Piqué, M., & Domenech, R. (2018). Effectiveness of mechanical thinning and
prescribed burning on fire behavior in Pinus nigra forests in NE Spain. Science
of the Total Environment, 618, 1539-1546.
https://doi.org/10.1016/j.scitotenv.2017.09.316

Piqué, M., Valor, T., Larrafiaga, A., & Cervera, T. (2011). Integracidn de la prevencion
de incendios en la gestion forestal: tipologias forestales de Catalufia segun su
vulnerabilidad a generar fuegos de copas.

Proencga, V., Pereira, H. M., & Vicente, L. (2010). Resistance to wildfire and early
regeneration in natural broadleaved forest and pine plantation. Acta Oecologica,
36(6), 626-633. https://doi.org/10.1016/j.actao.2010.09.008

Rodman, K. C., Veblen, T. T., Andrus, R. A, Enright, N. J., Fontaine, J. B., Gonzalez, A.
D., Redmond, M. D., & Wion, A. P. (2021). A trait-based approach to assessing
resistance and resilience to wildfire in two iconic North American conifers.
Journal of Ecology, 109(1), 313-326.

Rodriguez y Silva, F., & Molina-Martinez, J. R. (2012). Modeling Mediterranean forest
fuels by integrating field data and mapping tools. European Journal of Forest
Research, 131(3), 571-582.

Roman-Cuesta, R. M., Gracia, M., & Retana, J. (2009). Factors influencing the
formation of unburned forest islands within the perimeter of a large forest fire.
Forest Ecology and Management, 258(2), 71-80.

46



D1.11 ECOLOGICAL FACTORS DRIVING RESISTANT AND RESILIENT LANDSCAPES

TO HIGH INTENSITY AND EXTREME WILDFIRE EVENTS

https://doi.org/10.1016/j.foreco.2009.03.041

Rothermel, R. C. (1972). A mathematical model for predicting fire spread in wildland
fuels (Vol. 115). Intermountain Forest & Range Experiment Station, Forest
Service, US ....

Salis, M., Laconi, M., Ager, A. A., Alcasena, F. J., Arca, B., Lozano, O., Fernandes de
Oliveira, A., & Spano, D. (2016). Evaluating alternative fuel treatment strategies
to reduce wildfire losses in a Mediterranean area. Forest Ecology and
Management, 368, 207-221. https://doi.org/10.1016/j.foreco.2016.03.009

Sanchez-Pinillos, M., De Caceres, M., Casals, P., Alvarez, A., Beltran, M., Pausas, J. G.,
Vayreda, J., & Coll, L. (2021). Spatial and temporal variations of overstory and
understory fuels in Mediterranean landscapes. Forest Ecology and Management,
490(February). https://doi.org/10.1016/j.foreco.2021.119094

Sanchez-Pinillos, M., Leduc, A., Ameztegui, A., Kneeshaw, D., Lloret, F., & Coll, L.
(2019). Resistance, Resilience or Change: Post-disturbance Dynamics of Boreal
Forests  After Insect Outbreaks. Ecosystems, 22(8), 1886-1901.
https://doi.org/10.1007/s10021-019-00378-6

Saura, S., Estreguil, C., Mouton, C., & Rodriguez-Freire, M. (2011). Network analysis
to assess landscape connectivity trends: application to European forests (1990-
2000). Ecological Indicators, 11(2), 407-416.

Saura, S., & Pascual-Hortal, L. (2007). A new habitat availability index to integrate
connectivity in landscape conservation planning: comparison with existing
indices and application to a case study. Landscape and Urban Planning, 83(2-3),
91-103.

Scott, J. H., & Burgan, S. (2005). Standard fire behavior fuel models: a comprehensive
set for use with Rothermel’s surface fire spread model. US Department of
Agriculture, Forest Service, Rocky Mountain Research Station.

Scott, J. H., & Reinhardet, E. (2001). Assessing crown fire potential by linking models of
surface and crown fire behavior. US Department of Agriculture, Forest Service,
Rocky Mountain Research Station.

Silva, J. S., Moreira, F., Vaz, P., Catry, F., & Godinho-Ferreira, P. (2009). Assessing the
relative fire proneness of different forest types in Portugal. Plant Biosystems,
143(3), 597-608. https://doi.org/10.1080/11263500903233250

Sousa, D., Cruz-esus, F., Sousa, A., & Painho, M. (2021). A multivariate approach to
assess the structural determinants of large wildfires: Evidence from a
Mediterranean country. International Journal of Wildland Fire, 30(4), 241-254.
https://doi.org/10.1071/WF20119

Tavsanoglu, C., & Pausas, J. G. (2018). Data Descriptor: A functional trait database for
Mediterranean Basin plants. Scientific Data, 5, 1-18.
https://doi.org/10.1038/sdata.2018.135

47



D1.11 ECOLOGICAL FACTORS DRIVING RESISTANT AND RESILIENT LANDSCAPES

TO HIGH INTENSITY AND EXTREME WILDFIRE EVENTS

Taylor, P. D., Fahrig, L., Henein, K., & Merriam, G. (1993). Connectivity is a vital
element of landscape structure. Oikos, 571-573.

Tedim, F., Leone, V., Amraoui, M., Bouillon, C., Coughlan, M. R., Delogu, G. M.,
Fernandes, P. M., Ferreira, C., McCaffrey, S., McGee, T. K., Parente, J., Paton, D.,
Pereira, M. G., Ribeiro, L. M., Viegas, D. X., & Xanthopoulos, G. (2018). Defining
extreme wildfire events: Difficulties, challenges, and impacts. Fire, 1(1), 1-28.
https://doi.org/10.3390/fire1010009

Turner, M. G., Gardner, R. H., Dale, V. H., & O'Neill, R. V. (1989). Predicting the spread
of disturbance across heterogeneous landscapes. Oikos, 121-129.

Turner, M. G.,, & Romme, W. H. (1994). Landscape dynamics in crown fire
ecosystems. Landscape Ecology, 9(1), 59-77.

Valor, T., Piqué, M., Lépez, B. C., & Gonzalez-Olabarria, J. R. (2013). Influence of tree
size, reduced competition, and climate on the growth response of Pinus nigra
Arn. salzmannii after fire. Annals of Forest Science, 70(5), 503-513.

Van Wagner, C. E. (1977). Conditions for the start and spread of crown fire. Canadian
Journal of Forest Research, 7(1), 23-34.

Vega-Garcia, C., & Chuvieco, E. (2006). Applying local measures of spatial
heterogeneity to Landsat-TM images for predicting wildfire occurrence in
Mediterranean  landscapes.  Landscape  Ecology, 21(4), 595-605.
https://doi.org/10.1007/s10980-005-4119-5

Viedma, O., Angeler, D. G., & Moreno, J. M. (2009). Landscape structural features
control fire size in a Mediterranean forested area of central Spain. International
Journal of Wildland Fire, 18(5), 575-583.

Viedma, O., Chico, F., Fernandez, J. J., Madrigal, C., Sa, H. D., & Moreno, J. M. (2020).
Remote Sensing of Environment Disentangling the role of pre fi re vegetation vs .
burning conditions on fi re severity in a large forest fi re in SE Spain. 247(May).
https://doi.org/10.1016/j.rse.2020.111891

Viedma, O., Quesada, J., Torres, |, De Santis, A., & Moreno, J. M. (2015). Fire Severity
in a Large Fire in a Pinus pinaster Forest is Highly Predictable from Burning
Conditions, Stand Structure, and Topography. Ecosystems, 18(2), 237-250.
https://doi.org/10.1007/s10021-014-9824-y

Watson, G. M., French, K., & Collins, L. (2020). Timber harvest and frequent
prescribed burning interact to affect the demography of Eucalypt species. Forest
Ecology and Management, 475, 118463.

White, R. H., & Zipperer, W. C. (2010). Testing and classification of individual plants
for fire behaviour: plant selection for the wildland-urban interface. International
Journal of Wildland Fire, 19(2), 213-227.

Xanthopoulos, G., Calfapietra, C., & Fernandes, P. (2012). Fire hazard and
flammability of European forest types. In Post-fire management and restoration

48



D1.11 ECOLOGICAL FACTORS DRIVING RESISTANT AND RESILIENT LANDSCAPES

TO HIGH INTENSITY AND EXTREME WILDFIRE EVENTS

of southern European forests (pp. 79-92). Springer.

Zedler, P. H. (1995). Fire frequency in southern California shrublands: biological
effects and management options. Brushfires in California Wildlands: Ecology and
Resource Management. International Association of Wildland Fire, Fairfield,
Washington, USA, 101-112.

49



D1.11 ECOLOGICAL FACTORS DRIVING RESISTANT AND RESILIENT LANDSCAPES

TO HIGH INTENSITY AND EXTREME WILDFIRE EVENTS

10 Appendices

10.1 Literature review: search strategy

Previous research has shown that several factors play a role in the resilience and
resistance of forests and landscapes to EWE and large wildfires: 1) fuel load and
arrangement, 2) forest structure and composition and 3) fuel connectivity. Based on
these factors, we conducted a systematic literature review and searched in the ISI
Web of Knowledge for European studies that addressed each of these factors, as
well as others that emerged during the review process. The keyword search used
various combinations of relevant terms for resistance (Table 11).

Table 11. Keyword searches and number of selected studies for each fuel-related factors
associated with stand and landscape resistance.

Stand Resistance

Fuel arrangement OR forest structure AND
Fuel load and structure | fire behaviour OR fire severity OR fire
intensity

Fuel composition OR forest type AND fire
behaviour OR fire severity OR fire ocurrence

Fuel composition

Landscape Resistance

Forest type OR cover type AND landscape
Fuel composition | AND fire behaviour OR fire spread OR fire
Size

Fuel connectivity AND fire behaviour OR fire
spread OR fire size

Land use OR land cover AND fire behaviour
OR fire spread OR fire occurrence

Fuel connectivity

Land use heterogeneity
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10.2 Questionnaire

FACTORS DRIVING RESISTANT AND RESILIENT LANDSCAPES TO EXTREME WILDFIRE
EVENTS AND POST-FIRE DYNAMICS

FIRE-RES -Innovative technologies and socio-ecological-economic solutions for re
resilient territories in Europe - (https://fire-res.eu/) is an ongoing Horizon 2020
project (2021-2025). FIRE-RES aims to promote the implementation of an integrated
re management approach and support the transition to more resilient landscapes
and communities to extreme wild re events (EWE) in Europe. The mission of FIRE-
RES is to promote the European Union's socio-ecological transition to a resilient
continent through the development of a series of innovation actions.

One of the objectives is to develop general recommendations and management
alternatives to promote adaptive management for resilient landscapes to EWE.
To this end, we conducted a systematic literature review to identify ecological
factors, metrics, and thresholds that determine landscape and stand resistance and
resilience to EWE and post- re dynamics. Most of the identified factors and
thresholds were found for southern Mediterranean countries and are related to
large and intense wild res only a few for EWE. Therefore, the main objective of the
questionnaire is to collect experts' views on the thresholds of different fuel-
related factors to prevent the development of EWE and data for Central and
Northern Europe, where wildfires are not yet so common in these relatively humid
regions, but where an increase in the frequency and intensity of wild res can be
expected. This is a key issue because the importance of fuel-related factors and
thresholds that determine resistance and resilience may vary by biogeographic area
and wildfire type. By examining the relative importance of factors, we hope to
provide a basis for developing recommendations for building or maintaining stand
and landscape resilience and resistance to intense wild re and EWE.

The survey consists of three main sections: First, some brief questions about your
background, then questions about the factors that determine the resilience and
resistance of stands and landscapes to EWE, and finally questions about the factors
that determine post- re dynamics.

IT SHOULD NOT TAKE MORE THAN 15 MINUTES TO FILL OUT THIS SURVEY
Thank you in advance for taking the time to complete this survey.

*Required

INFORMED CONSENT*

Within FIRE-RES Project, part of the European Union’s Horizon 2020 research and
innovation programme under grant agreement No 101037419, you are invited to
participate in the following survey on fuel-related factors, metrics and thresholds
driving extreme wildfire events and post-fire dynamics. From CTFC, we thank you for
your participation.
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The information collected in this questionnaire is anonymous and absolutely
confidential. Your name will not appear in any report or result. The results will be
used for research/technical purposes only.

Your participation in this research study is voluntary. You may choose not to
participate. If you decide to participate in this activity, you may withdraw at any time.

Tick all that apply.

"Il have understood the contents and objectives of the questionnaire and | consent
to participate voluntarily.

DATA PROTECTION *

CTFC as Data controller, collects this data through Google Forms to carry out a study
on experts' views on the thresholds of different fuel-related factors to prevent the
development of EWE and data for Central and Northern Europe. By checking the
acceptance box, you give your consent. The data will not be transferred to any
country or international organization outside European Union. This information will
be stored on Google's servers. You can see their privacy policy at
https://policies.google.com/privacy?hl=en and the CTFC Privacy Policy at
https://www.ctfc.cat/en/protecciodades.php

INFORMATION ON DATA PROTECTION

Data controller: Forest Science and Technology Centre of Catalonia (CTFC) Aim:
Data collection to assess the factors, metrics and thresholds driving extreme wildfire
events and post-fire dynamics.

Data processor: Google Ireland Limited.

Type of data: name and surnames, email, profession, expertise, country. Rights:
Acces, rectify, oppose the use, limit the use and delete your data specify in CTFC
privacy policy. You can also contact us at: dpd.ctfc@ctfc.cat Duration: Your data will
be stored for the time necessary to carry out the purposes for which it was collected
or until you revoke your consent.

Tick all that apply.
"I have read and accept the CTFC Privacy Policy.
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YOUR BACKGROUND

Q1) We need basic information on your expertise.

A) Can you tell us which bioregion you consider yourself an expert? Please, *
select just one.

Mark only one oval.

Macaronesia

Mediterranean

Atlantic

Alpine

Continental

Boreal

0000000

Other:

B) Can you tell us what aspects of wildfires you consider yourself an expert in?
* Select as many options as you need.

Tick all that apply.
Fire behaviour
D Fuel management

D Fire ecology

D Post- re management

D Other:

C) What is your professional position? *

Mark only one oval.
O Academic (Researcher, Post-doctoral researcher, PhD student)
C) Forest manager

@ Fire responder (Wildfire analyst, fire fighter)

@ Other:

D) How many years of experience do you have in your position? *

E) Can you tell us in which specific country do you carry out your activity? *
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FACTORS DRIVING RESISTANT AND RESILIENT LANDSCAPES TO EWE

Definitions of EWE, forest resistance and resilience are provided below to be
considered while answering to the questionnaire.

EWE: wild res with large-scale complex interactions between re and atmosphere
generating pyroconvective behaviour, coupling processes, that results in fast,
intense, uncertain, and fast-paced changing re behaviour. It results in re behaviour
exceeding the technical limits of control (fireline intensity 10.000 kW/m; rate of
spread >50 m/min; spotting distance >1 km and exhibiting prolific to massive
spotting based on Tedim et al. 2018, and extreme growth of rate (surface per hour,
ha/h) values). At the same time, given current operational models, this extreme re
behaviour is unpredictable, with moments of observed re behaviour well surpassing
the expected. This overwhelms the decision-making capabilities from the
emergency system. It may represent a heightened threat to crews, population,
assets, and natural values, as well as have relevant negative socioeconomic and
environmental impacts.

FOREST RESISTANCE: the ability of the ecological system to persist through the
disturbance event. That is, the capacity to continue providing functions and
ecosystem services immediately after the event. At the stand level, resistance could
be inferred from the influence of forest structure and composition on severity and
intensity. At the landscape level, resistance could be inferred from the spatial
configuration and composition of patches on the rate of re spread (Derose and Long,
2014).

FOREST RESILIENCE: the ability of the ecological system to recover the functions
and ecosystem services that the system provided before the re. In the case of wild
re, resilience could be de ned as the effect of re on subsequent forest structure and
composition (at the stand level) and on subsequent proportions of age classes and
on species dominance in the landscape (at the landscape level) (Derose & Long,
2014). Resilience depends on the characteristics of the system (e.g., diversity of plant
responses to re), the event (e.g., intensity), and the presence of additional stresses
before and after the re event (e.g., prolonged drought, pest outbreaks, torrential
rains, etc.).

Tedim, F., Leone, V., Amraoui, M., Bouillon, C.,, Coughlan, M. R., Delogu, G. M., ... &
Xanthopoulos, G. (2018). De ning extreme wild re events: Di culties,  challenges, and
impacts. Fire, 1(1), 9.

Derose, R. J., & Long, J. N. (2014). Resistance and resilience: a conceptual framework for
silviculture. Forest Science, 60 (6), 1205-1212.
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Q2) Fire-resistant forests are those that are able to reduce the intensity and spread

of a

fire event. The most important fuel-related factors that can influence the

resistance of stands and landscapes to fire are fuel load, structure, composition,
connectivity, and land use and land cover type patterns.

Fuel load: amount of fuel expressed as dry weight of fuel per unit area, i.e., potential energy
accumulated on the ground or/and in the canopy.

Fuel structure: spatial configuration of the forest stand, and includes fuel bed depth, height
or thickness, bulk density or compactness, arrangement (vertical and horizontal continuity),
cover, and number of layers involved (ground, surface, ladder, and crown).

Fuel composition: species composition of a fuel complex.

Fuel connectivity: the extent to which the landscape facilitates or impedes movement
between resource patches.

Land use and land cover patterns: density, size, and diversity of patches, among others.

A) For your bioregion, please rank in order of importance, from most (1) to *
least (5) important, the following list of fuel-related factors that can influence the
development of an EWE.

Mark only one oval per row.

1 2 3 4 5
Fuel load Q Q Q Q Q
Fuel o O o O O
structure
Fuel o O o O O
composition
Fuel o O o O O
connectivity
Land cover
and land
oe types o O o O O
patterns

B) Is there any comment you would like to share (e.g., any missing factor)?
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Q3) Below are some metrics that can be used to quantify fuel load at the stand or
landscape level. In order to make management recommendations to prevent the
development of an EWE or an intense wildfire, we need to establish fuel loading
thresholds to modify fire intensity (Kw/m). Based on your experience, please select the
metric (s) for which you know thresholds and indicate them in A (below).

Tick all that apply.
D Total biomass (kg/m2)
D Total fuel load (kg/m2)
L] Avalaible fuel load (kg/m2)
Vvalalble Tuel l0a m
D g
D Surface FIne fuel load (kg/m2)
D Total fine fuel load (Surface + canopy) (kg/m2)
| do not know
A) Based on your experience, please provide fuel load thresholds for * your
chosen metric(s) to prevent the development of EWE or intense but conventional

wildfire, or both. Indicate the fire type(s) for which you are providing thresholds. If
you do not know them, please indicate so.

Q4) Below are some metrics that can be used to quantify fuel structure at the * stand
level, particularly vertical continuity. In order to make management recommendations
to prevent the development of an EWE or intense wildfire, we need to establish
thresholds for vertical continuity to modify fire intensity (kW/m). Based on your
experience, please select the metric(s) for which you know thresholds and indicate
them in A (below) for EWE and/or intense wildfires.

Tick all that apply.

Fuel bed depth (m)

Ladder gap (m)

Canopy base height (m)

Dominant height (m)

O o4t

| do not know

Other:

A) Based on your experience, please provide vertical continuity thresholds for your
chosen metric(s) to prevent the development of EWE or intense but conventional
wildfire, or both. Indicate the fire type(s) for which you are providing thresholds. If
you do not know them, please indicate so.
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Q5) Below are some metrics that can be used to quantify fuel structure at the * stand
level, particularly horizontal continuity. In order to make management
recommendations to prevent the development of an EWE or intense wildfire, we need to
establish thresholds for horizontal continuity to modify fire intensity (Kw/m) at the stand
level. Based on your experience, please select the metric(s) for which you know
thresholds and indicate them in A (below) for EWE and/or intense wildfire.

Tick all that apply.
Undestory cover (%)

Canopy bulk density (Kg/m3)

Basal area (m2/ha)
Tree density (tree/ha)

[]
[]
[]
D Canopy cover (%)
[]
[]
[]

| do not know

A) Based on your experience, please provide horizontal continuity thresholds for
your chosen metric(s) to prevent the development of EWE or intense but
conventional wildfire, or both. Indicate the fire type(s) for which you are providing
thresholds. If you do not know them, please indicate so.

Q6) Below are some metrics that can be used to quantify fuel connectivity at the
landscape level. In order to make management recommendations to prevent the
development of an EWE or intense wildfire, we need to establish landscape fuel continuity
thresholds to modify rate of spread (km/h) or growth rate (surface unit/h). Based on your
experience, please select the metric(s) for which you know thresholds and indicate
them in A (below) for EWE and/or intense wildfires.

Tick all that apply.

Functional connectivity metrics (e.g., equivalent connectivity index, mesh size)
Proportion of the landscape treated in strategic locations (%)

Time since last re (years)

| do not know

O OO O

Other
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A) Based on your experience, please provide landscape fuel continuity thresholds
for your chosen metric(s) to prevent the development of EWE or intense but
conventional wildfire, or both. Indicate the fire type(s) for which you are providing
thresholds. If you do not know them, please indicate so.

Q7) Heterogeneous landscapes are considered more resistant to EWE and * are
characterised by a diversity of land use and land cover types. Which metric would you
use to quantify landscape heterogeneity?

Q8) The dropdown menu in A and B (below) includes some vegetation types from boreal,
alpine, and continental bioregions for which there is not as much information on aspects
related with their fire resilience. Select a maximum of two vegetation types (one from
A and the other, if you like, from B) for which you have more experience or
knowledge, and then go to C and D.

If you select "l have limited experience or knowledge of these types of vegetation"
from the BOTH dropdown menu of A and B, you can move on to the next question.

Most of the vegetation types listed here are a selection of those included in Xanthopoulos
et al. 2012, where various vegetation types in Europe were assessed for ammability by
distributing a questionnari to 20 experts. The correspondence between the vegetation
types and the European forest types classi cation was mostly made by the same experts
according to the description and keys in the European Environment Agency (2007).

Xanthopoulos, G., Calfapietra, C., & Fernandes, P. (2012). Fire hazard and ammability of European forest types. In
Post- re management and restoration of southern European forests (pp. 79-92). Springer, Dordrecht.

European Environment Agency (2007) European forest types: categories and types for sustainable

forest management reporting and policy. European Environment Agency. Technical report No 9/2006 (2nd edn),
Copenhagen, Denmark. p 111

58



D1.11 ECOLOGICAL FACTORS DRIVING RESISTANT AND RESILIENT LANDSCAPES TO

HIGH INTENSITY AND EXTREME WILDFIRE EVENTS

A) FIRST vegetation type *

Mark only one oval.

| have limited experience or knowledge of these types of vegetation.

Hemiboreal Mountain pine (Pinus mugo) forests

Hemiboreal and continental Scots pine (Pinus sylvestris) forests

Alpine Scots pine or Black pine (Pinus nigra) in the Alps or Pinus uncinata in the pyrenees forests
Subalpine larch (Larix sp.) forests

Spruce (Picea abies) forests

Fir (Abies alba) forests

Tall deciduous oak (Quercus sp.) forest

Mixed Quercus sp. and Fraxinus forests

Beech (Fagus sp.) forests

J000000 0000

Swiss stone pine (Pinus cembra) forests

B) SECOND vegetation type *

Mark only one oval.

| have limited experience or knowledge of these types of vegetation.
Hemiboreal Mountain pine (Pinus mugo) forests

Hemiboreal and continental Scots pine (Pinus sylvestris) forests
Alpine Scots pine or Black pine (Pinus nigra) in the Alps or Pinus uncinata in the pyrenees forests
Subalpine larch (Larix sp.) forests

Spruce (Picea abies) forests

Fir (Abies alba) forests

Tall deciduous oak (Quercus sp.) forest

Mixed Quercus sp. and Fraxinus forests

Beech (Fagus sp.) forests

Swiss stone pine (Pinus cembra) forests

J000000 0000

C) At the stand level, resilience can be characterized as the influence of fire on subsequent
mortality and species composition relative to desired post-fire vegetation types (Derose
& Long, 2014). For the selected vegetation type(s) (FIRST or FIRST and SECOND), please
provide stand-level indicators for a silvicultural strategy aimed at maintaining the same
pre/post-fire vegetation types (either short- or long-term post-fire).

Example: Building resilient stands of the non-serotinus Pinus nigra could be done by
creating and maintaining large, widely spaced trees of this species. During wildfires, these
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stands are more likely to have limited mortality of the largest trees, which may promote
post-fire regeneration of black pines.

FIRST VEGETATION TYPE (if selected)

SECOND VEGETATION TYPE (if selected)

D) At the landscape level, resilience could be defined as the effect of fire on subsequent
proportions of age classes and on species dominance relative to those desired after fire
(Derose & Long, 2014). For the selected vegetation type(s) (FIRST or FIRST and SECOND),
please provide landscape-level indicators for a silvicultural strategy aimed at maintaining
the same pre/post-fire vegetation types (either short- or long-term post-fire).

Example: Building resilient landscapes of the non-serotinus Pinus nigra could be done by
ensuring that a certain percentage of stands across a landscape are characterized by
large size classes or mature successional stages.

FIRST VEGETATION TYPE (if selected)

SECOND VEGETATION TYPE (if selected)

POST-FIRE DYNAMICS

Previous studies have shown that fire impacts and post-fire dynamics are influenced by
a number of factors related to pre-fire vegetation, fire event, landscape structure, soil
properties, and topography. However, most of these studies have been conducted in fire-
prone areas or are related to a specific fire event, while there is a lack of information for
boreal, continental, and alpine regions.
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Q9) The dropdown menu in A and B (below) includes some vegetation types from boreal,
alpine, and continental bioregions for which there is not as much information on post-
fire impacts and dynamics. In order to make recommendations for post-fire management
and set priorities, we need to know the importance of the different factors that influence
their post-fire dynamics. Select a maximum of two vegetation types (one from A and the
other, if you wish, from B) for which you have more experience or knowledge, and then
go to C, D, E (First vegetation type) and F, G and H (Second vegetation type).

If you select "I have limited experience or knowledge of these types of vegetation" from the BOTH dropdown menu of A and B, you
can skip C, D, E, F, G, and H and submit your answers.

A) FIRST vegetation type *

Mark only one oval.

| have limited experience or knowledge of these types of vegetation.

Hemiboreal Mountain pine (Pinus mugo) forests

Hemiboreal and continental Scots pine (Pinus sylvestris) forests

Alpine Scots pine or Black pine (Pinus nigra) in the Alps or Pinus uncinata in the pyrenees forests
Subalpine larch (Larix sp.) forests

Spruce (Picea abies) forests

Fir (Abies alba) forests

Tall deciduous oak (Quercus sp.) forest

Mixed Quercus sp. and Fraxinus forests

Beech (Fagus sp.) forests

Jo00000 0000

Swiss stone pine (Pinus cembra) forests

Z
wn

ECOND vegetation type *

Mark only one oval.

| have limited experience or knowledge of these types of vegetation.

Hemiboreal Mountain pine (Pinus mugo) forests

Hemiboreal and continental Scots pine (Pinus sylvestris) forests

Alpine Scots pine or Black pine (Pinus nigra) in the Alps or Pinus uncinata in the pyrenees forests
Subalpine larch (Larix sp.) forests

Spruce (Picea abies) forests

Fir (Abies alba) forests

Tall deciduous oak (Quercus sp.) forest

Mixed Quercus sp. and Fraxinus forests

Beech (Fagus sp.) forests

0000000 0000

C) FIRST vegetation type (if selected):

For each of the following metrics related to fire regime, pre-fire vegetation, and postfire
short-term competition, give a rating from 1 to 10 according to its importance in limiting
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post-fire recovery of the selected vegetation type (1 irrelevant, 10 very important; move
the horizontal scroll bar to view all ratings).

Mark only one oval per row.

I do
not 1 2 3 4 5 6 7
know

Fire severity D D C) Q O O D D
ey O O O O O O O O
summerfie () D) O @) O O - O
Spring fire ) O O O O O -, O
Fall fire o O o o o o o O
oot O O O O o o o O
pae O O O O O O O O
g O O O O O O O O
il O O O O O O O O
Hervibory D) - - O O O O O
Competition
with pioneer D) ) -, O O O -, O
species

4 »

Is there any comment you would like to share (e.g., any missing factor, explain in more
detail a factor)?
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D) FIRST vegetation type (if selected):

For each of the following metrics related to climatic and topographic factors, give a rating
from 1 to 10 according to its importance in limiting post-fire recovery of the selected
vegetation type (1 irrelevant, 10 very important; move the horizontal scroll bar to view all
ratings).
Mark only one oval per row.

| do

not 1 2 3 4 5 6 7
know

Pre-fire:

Long O O O O O O O O <

drought
event

Post fire:
Long
drought
event

0
0
0
0
0
0
0
0

Post-fire:
Torrential
rain

Slope:
High

Aspect:
North

Aspect:
East

Aspect:
South

0101010100
0101010100
0101010100
0101010100
0101010100
0101010100
0101010100
0101010100

Aspect:
West

4 »

Is there any comment you would like to share (e.g., any missing factor, explain in more
detail a factor)?
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E) FIRST vegetation type (if selected):

For each of the following metrics related to soil characteristics, give a rating from 1 to 10
according to its importance in limiting post-fire recovery of the selected vegetation type
(1 irrelevant, 10 very important; move the horizontal scroll bar to view all ratings).

Mark only one oval per row.

I do
not 1 2 3 4 5 6 7
know
pHacidic O O O O O O O O
e O O O O O O O O
ggicl)xic O O @ @) D) - @) D (
Stoniness () D O @) O ) O ) (
wn O O O O O O O O
w,® O O O O O O O O «
Clay soil O - ) D) ) - O O (

4 »

Is there any comment you would like to share (e.g., any missing factor, explain in more
detail a factor)?

F) SECOND vegetation type (if selected):

For each of the following metrics related to fire regime, pre-fire vegetation, and postfire
short-term competition, give a rating from 1 to 10 according to its importance in limiting
post-fire recovery of the selected vegetation type (1 irrelevant, 10 very important; move
the horizontal scroll bar to view all ratings).
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Mark only one oval per row.

I do
not 1 2 3 4 5 6 7
know

Fire severity D D Q Q O O D D
ey O O O O O O O O
summerfie () D) D D @) D) - O
springfre  C O (O O (O O O O O
Fall fire o O o o o o o O
young O O O O O O O O
et O O O O O O O O
o O O O O O O O O
vl O O O O O O O O
Hervibory @ @ O @ @ D O @
Competition
with Pioneer @) @) O @) O @) - O
species

4 »

Is there any comment you would like to share (e.g., any missing factor, explain in more
detail a factor)?

G) SECOND vegetation type (if selected):

For each of the following metrics related to climatic and topographic factors, give a rating
from 1 to 10 according to its importance in limiting post-fire recovery of the selected
vegetation type (1 irrelevant, 10 very important; move the horizontal scroll bar to view all
ratings).
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Mark only one oval per row.

| do
not 1 2 3 4 5 6 7
know

Pre-fire:

Long O O O O O O O O <

drought
event

Post fire:
Long
drought
event

O
0
0
0
0
0
0
0

Post-fire:
Torrential
rain

Slope:
High

Aspect:
North

Aspect:
East

Aspect:
South

Aspect:
West

0101010100
0101010100
0101010100
0101010100
0101010100
0101010100
0101010100
0101010100

4 »

Is there any comment you would like to share (e.g., any missing factor, explain in more
detail a factor)?

H) SECOND vegetation type (if selected):

For each of the following metrics related to soil characteristics, give a rating from 1 to 10
according to its importance in limiting post-fire recovery of the selected vegetation type
(1 irrelevant, 10 very important; move the horizontal scroll bar to view all ratings).
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Mark only one oval per row.

I do
not 1 2 3 4 5 6 7
know

pHacidie (O CO O O O O O O
n O O O O O O O O
22icl>xic O O O @) ) O @) D (
Stoniness () D O @) @) O ) ) (
w O O O O O O O O
w,® O O O O O O O O
Caysol CO (O (O O O O O O

] »

Is there any comment you would like to share (e.g., any missing factor, explain in more
detail a factor)?
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