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1. Introduction

The increased frequency of large fires and extreme wildfire events (EWE) demands a good
understanding of the factors that drive the capacity of forests to respond and recover
after fires. The impact of alarge fire oran EWEon forest and landscape dynamics is driven
by several factors associated to the vegetation present before the fire, the  structure of
the landscape , the fire event itself, s oil characteristics , topography , and pre - and post -fire
climatic conditions .

Deliverable 1. 12 p a-firda strategied land radaptationi tor the cprrers t
context of increasing e nideitified theeyrdattard, metrioscaad t ai nt i e
associated thresholds used to assess areas at higher risk of erosion and runoff after fire
This was achieved through a systematic literature review and a questionnaire distributed
to forest fire experts . The thresholds were determined based on the post -fire
regeneration strategy of the e ¢ o0 s y s toeimastsspecies , that can be classified into
four types: species without post -fire related traits, post -fire colonizers, seeders, and
resprouters . Building on the identified factors and thresholds, three innovative
management interventions were designed and implemented in fire -prone and new fire
areas predicted to be vulnerable to EWE in two different living labs : Catalonia and
Canarias.

Management interventions that enhance forests resistance and resilience to EWE can ke
implemented either before or after the fire. Pre-fire interventions focus on modifying

vegetation composition and structure to reduce the risk of high-intensity fires and EWE

and mitigate their negative impacts . Post-fire interventions aim to promote vegetation

recovery in areas at risk of soil erosion. This deliverable presents m anagement actions

implemented wi t hin the I nnovation Action 1. 5-fre Demons
restoration and a d a pddegsing both preverdite eagpd postd -fire

restoration strategies with the aim to provide a sc ientifically -based framework to guide

managers in the definition of adaptation  strategies to EWEs.

Each action addresses one or more of the identified factors driving EWE impacts and
influencing landscape resistance and resilience to EWE :

9 Silvicultural treatments for EWE prevention and pasture improvement in a new
fire area (Section 2)

9 Prescribed burning treatments and grazing introduction for EWEprevention in a
fire -prone area (Section 3)

1 Restoration of vegetation cover after an EWE in afire-prone area (Section 4)
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2.Silvicultural treatments for EWE prevention
and pasture improvement

2.1. Introduction

The context of rural abandonment, forest expansion and increasing fire risk is
popularizing management actions such as pasture restoration and land clearing for
pasture or agricultural land generation in Catal onia, especially among forest managers,
but also among local communities . Extensive livestock farming in combination with
silvicultural practices is considered a practical solution for large scale fire risk
management (Lecegui et al., 2022). The synergy between socio-economical benefits and
fire risk reduction linked to livestock production in forest systems is extensively
recognized (Bergmeier et al., 2021; Lecegui et al., 2022; Mauri et al., 2023; Varela et al.,
2018).

Silvicultural treatments aiming towards the reduction of large forest fire s and extreme
wildfire events (EWES) risk (Castellnou et al., 2022; Castellnou et al., 2024) at a stand scale
focus mainly on: (1) potential flame length , energy released, and rate of spread reduction
through surface fuel reduction; (2) torching reduction through ladder fuels reduction; (3)
active crown fire transmission limitation through crown density reduction and (4)
mortality reduction by retaining mature individuals of fire -resistant species (Agee &
Skinner, 2005).

Treatments combining heavy thinning and slash lop and scatter often generate doubts
among the forestry professionals about their immediate effect on fire behaviour.
However, t he combination of precommercial thinning, understory clearing, pruning and
slash lop and scatter in Pinus halepensis though increasing the surface dead fuel loads,
has proved to significantly reduce the simulated fire spread rate and flame length in the
short term (Piqué et al., 2022). Similarly, the combination of heavy thinning (fin al canopy
cover of 50-60%), understory clearing and slash lop and scatter in  Pinus nigra forests,
despite increasing dead fuel load, decreases fire spread rate and fire intensity
immediately after the treatments (Pigué & Doménech, 2018).

In any case, it seems that the remaining slash of the felled trees could cause a problem

in terms of the spread of a possible fire, which is why harvesting techniques, such as
whole -tree harvesting, can be a good solution to reduce the amount of slash left in the
forest. This harvesting technique has certain inherent constraints which are still being
studied such as: soil nutrient depletion, soil fertility degradation and potential lo ng-term
impacts on production sustainability (Augusto et al., 2022; Klavin s & KLavi Na, 2022,
al., 2023). Moreover, it is an uncommon technique in our study region, where stem -only
harvesting is the usual method. Nevertheless, whole -tree harvesting may offer an
effective solution for simultaneously reducing fire risk and improving pastures . Given the
same thinning intensity, it is expected that the resulting slash load is lower in whole -tree
harvesting than in conventional stem -only harvesting. Thus, it may enhance pasture
improvement while also reducing fire intensity
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The strategic location of low fuel load areas is relevant for fire prevention at a landscape
level, as it can modify fire behaviour and generate suppression opportunities for
firefighters (Fernandes, 2013). The study area where this study takes place is si  gnificant
from this point of view and has pastoral interest. Besides, it is owned by the municipality

of Soriguera, whose interest in pastoral land use is reflected by their recent participation

on the Pilot plan to create Resilient Landscapes. Additionall y, Catalan forest firefighters
have identified the study area as a Strategic Management Point (Larrafaga et al., 2013).
The selection of Strategic Management Points is done following a general methodology :
(1) characterizing the fire type on each Homogeneous Regime Zone (ZHR), including its
risk (Costa et al., 2011; Piqué, Castellnou, et al.,, 2011); (2) identifying the potential
polygons, which are zones that when reached by the fire, burn completely; (3) identifying
the nodes and connexions between polygon s (Arilla et al., 2023); and (4) the definition of
silvicultural treatments (Ballart et al., 2020).

In this context, the purpose of this work is  to design silvicultural treatments to transform
a dense Pinus sylvestrisforest located in Soriguera (Catalan Pyrenees) into a wooded
pastoral system with the dual objectives of fire prevention and pasture improvement. The
evaluation of the short -term effects of the proposed treatments on fire behaviour, will be
carried out through the parameterization of the post  -treatment scenario and the use of
simulation models.

Part of this study aims to compare the effectiveness of two different harvesting
techniques in combination with two thinning intensities. The harvesting techniques that

are studied are: the traditional stem -only harvesting (SO) and the most innovative whole -
tree harvesting (WT), less applied in our territory. The intensities of the treatments that

are compared are high intensity (H), in which the canopy cover is reduced to 50% and
very high intensity (VH), in which the canopy cover is reduced to 30%.

2.2. Objectives

The main objectives of this work are:

1 Characterize the silvicultural treatments for pasture conversion aimed at fire
prevention and pasture improvement , combining two thinning intensities (high
and very high) and two different harvesting technigues (whole tree and stem only).

9 Describe the fuel model of the stand before and after the treatments.

1 Assess the short -term effects of the different treatments on fire behaviour using
simulators and parameterizing the characteristics of the post  -action forest.

2.3. Methods

2.3.1. Study site
The study area (18.2 ha) is located in the Pyrenean range, Catalonia, northeastern Spain
(42°22'00.1"N, 1°13'43.0"E ). It is situated on a watershed divide at 1,700 m .a.s.l., featuring
a gentle relief with an average slope of 20%. Figure 1 shows the study site.
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[ Study site
Ortophoto of Catalunya 1:2.500 (ICGC, 2022)

Figure 1. Location of the study site.

The forests in the area are mostly dense (mean basal area of 57.7 m? ha') and dominated
by Pinus sylvestris with moderate stand quality. The understory is typically sparse,
dominated by Juniperus communisor Buxus sempervirens Soil conditions are determined
by underlying slate and limestone formations.

Monthly mean temperatures range from approximately 0.7 °C in January to 17 °C in July.
The mean annual precipitation is around 810 mm, mainly concentrated in spring and
autumn, with an average summer precipitation of about 198 mm. During the fire season
(defined in this study as June 1 to September 30), the area is primarily affected by winds
from the north and south -southwest.

2.3.2. Treatments
Between May and July 2024, two different treatments were carried out along with a
control unit. The treatments included high  -intensity thinning (H, final canopy cover 50%)
and very -high-intensity thinning (VH, final canopy cover 30%), both  followed by stem-only
harvesting. High -intensity thinning was applied with a  homogeneous distribution of the
remaining trees (mean dbh of residual trees : 35 cm), whereas in very -high-intensity
thinning, the remaining trees were arranged in groups of 8 to 10 trees, with a radius of
approximately 6 m (mean dbh of residual trees: 23 cm) . To ensure treatment consistency,
all trees were pre -marked before harvesting.

The remaining trees and groups were selected based on the following criteria: (1) the
most stable trees with broader crowns; (2) trees presenting dendro  -microhabitats or
potential to develop them (Butler et al., 2020).

4
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Felling and lopping were performed using chainsaws, while skidding was carried out with

a tractor equipped with a cable winch. Understory clearing was conducted wherever its
cover exceeded 30%. Woody residues with a diameter > 5 cm were lopped into a
maximum of 1-meter -long pieces and scattered to maintain an accumulation height of <

50 cm.

The implementation of these treatments followed by whole -tree harvesting could not be
carried out due to technical and budget constraints. Consequently, the effects of these
treatments on fuel characteristics and structure were parameterized based on expert
knowledge. It is assumed that the difference between ha rvesting methods (stem only vs.
whole tree) does not affect the final canopy structure, which is determined by the type
and intensity of thinning (high or very high).  Treatments zoning is shown in Figure 3.

Thus, the four studied treatments are designated as follows:

1 SOH: stem-only harvesting, high -intensity thinning

1 SOVH: stem-only harvesting, very -high-intensity thinning
1 WTH: whole-tree harvesting, high -intensity thinning
1

WTVH: whole-tree harvesting, very -high-intensity thinning

[ Treatments
Orthophoto of Catalunya 1:2.500 (ICGC, 2022)

Figure 2. Zoning of the different treatments and Control.
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2.3.3. Sampling methods
Different sampling methods were used to monitor vegetation response to the
treatments. Data were collected before (spring 2024) and immediately after the
treatments (autumn 2024).

Canopy structure before and after treatment, in the case of the two stem -only harvesting
treatments (SOH, SOVH), was determined through a dasometric inventory conducted in

four plots with a 10 -meter radius (two per treatment area). For post  -treatment sampling

of SOVH, a single, larger plot (7,885 m?) was used to capture the var iability of tree clusters.

Di ameter at breast height ( DBH) was recorded
Additionally, tree height (Hm) and crown base height (CBH) were measured for a subset

of trees.

The attributes of understory components and dead fuel load (1h, 10h, and 100h) before
treatment were characterized by establishing three 20 -meter linear transects per plot.
For understory attributes, ten 1 m? plots were placed alternately along the transect. For
fuel load, the planar interception method was applied following Brown (1974).

Given the broad size range of the standard time -lag fuel categories (1h, 10h, 100h) we
subdivided each into two subcategories (as shown in  Table 1) to improve the accuracy of
total fuel load estimation.

Table 1. Fuel category and particle diameter relationship.

Time lag category Diameter

1h small 0s3 mm

1h big 3s6mm
10h small 6 S 15 mm
10h big 15 s 25 mm
100h small 25 s 50 mm
100h big 50 s 75 mm

Post-treatment understory structure was characterized by establishing a single 300 -
meter -long transect per treatment to capture the observed variability. The length and
average height of the main understory components intersecting the transect were
recorde d.

Fine woody debris was sampled within the identified debris accumulations along these
transects, following Brown (1974). Atotal of 21  1-meter -long plots were established , along
the 300-meter transect.

2.3.4. Custom fuel models

Custom fuel models were created for each scenario  (pre-treatmen t: PRE post-treatment :
SOH, SOVH, WTH, and WTVH) based on the collected data, combining the methods
described below.

Fine woody debris load was estimated for each time -lag category following Woodall &
Monleon (2008). For post -treatment scenarios, the total load obtained by integrating all
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measurements was weighted according to the area occupied by debris accumulations.
Pre-treatment litter load was estimated based on coverage, depth, and bulk density
following Prichard et al. (2013). Post -treatment litter load was estimated proportionally
using the allometric equation for fine elements from Ruiz  -Peinado et al. (2011), applied
to the extracted trees per hectare in each treatment, for each diameter class, and
multiplied by 1/6.

Live herbaceous fuel load (Lh) was estimated from its depth and coverage following
Fernandes et al. (2012). The load of woody understory species (Lw) was calculated based
on their coverage and height following De Caceres et al. (2019).

Fuel bed depth (FBD) was calculated as the weighted average height of woody understory
species, woody debris, and the herbaceous layer, using coverage as the weighting factor.
The surface -area-to-volume ratio (SA-V @) and calorific content were assigned to each fuel
type based on the dominant species. The data were obtained from bibliographic sources
(De Caceres et al., 2023).

The dead fuel moisture of extinction and the surface -area-to-volume ratio of live
herbaceous fuel were assigned by default using a standard fuel model (TL3 from Scott &
Burgan, 2005).

Available canopy fuel load (ACFL) was estimated from dasometric data using the
allometries from Ruiz -Peinado et al. (2011) for Pinus sylvestris Since this biomass
component includes branches thicker than 6 mm (< 20 mm), the estimated values were
multiplied by 1/3 to avoid overestimation.

To parameterize dead fuel loads and fuel bed depth (FBD) for whole -tree harvesting (WTH
and WTVH), a 10% adjustment factor was applied . This assumes that the slash generated
in these treatments represents 10% of that produced by stem  -only harvesting.

2.3.5. Meteorological scenarios and fire behaviour simulation
The simulation weather scenarios represent the 50th, 75th, and 99th percentiles of
temperature, relative humidity, and wind speed variables from the hourly interpolated
meteorological dataset Era5 -Land (Mufioz Sabater, 2019), covering the period 2004 s2024,
cross-checked with other sources.

Dead fuel moisture was calculated using Rothermel's (1983) tables, based on

meteorological and stand variables. Woody live fuel moisture and canopy fuel moisture

were estimated using the maximum and minimum foliar moisture values for each

species, obtained from the literature (De Caceres et al., 2023), with a percentile assigned

within the range according to stand exposure (FC

Static fire behaviour simulation was conducted using BehavePlus 6.0 software (user
manual of the previous version by Heinsch & Andrews , 2010).
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2.4. Results

2.4.1. Forest and understory structure before and after the treatments
Both treatment intensities (high and very high) significantly reduce stand density and
stock variables (i.e., N, CC, BA, VOB). The removed basal area is approximately 44% of the
initial value in the high -intensity thinning and 67% in the very -high-intensity thinning.
Mean height (Hm) and crown base height (CBH) tend to increase under both treatment
intensities. The remaining standing volume over bark (VOB) is greater after the high -
intensity treatment than after the very  -high-intensity treatment, whereas the extracted
volume follows the opposite trend. Table 2 compares stand structure variables before
and after the treatments. Figure 3 provides an aerial view of the applied treatments. Since
the thinning treatments are identical for both harvesting techniques, post -treatment
variable values are also the same.

Table 2. Summary of stand structure variables for the pre-treatment scenario (Pre) and post-
treatment scenarios (SOH, SOVH, WTH, WTVH). N, number of trees per hectare; CC, canopy
cover; BA, basal area; Dg, quadratic mean diameter; Hm, mean height; CBH, crown base
height; VOB, volume over bark; VOBe, extracted volume over bark. Some values are
presented as "mean value + standard deviation".

SOH and SOVH and

Variable Units Pre WTH WTVH
N Trees-ha? 756 £163.1 366 213
CcC % 71425 50 30
BA m2-ha? 54.3 £7.7 30.4 18.1
Dg cm 30.5+2.3 325 329
Hm m 13.1 +1.8 14.1+1.1 | 13.5+2.2
CBH m 6.9+1.3 7915 7.4+15
VOB m?3-ha? 333.8+42.1 189.2 115.0
VOBe m3-ha? - 149.0 233.6

Additionally, in the case of stem -only harvesting treatments (SOH and SOVH), both
significantly reduce the cover of herbaceous layer and woody understory species while
increasing the cover of woody debris ( Table 3). The mean height of shrub species is
negatively affected by both treatments, whereas the height of logging slash increases.
The high variability in woody understory species cover in the pre  -treatment scenario
reflects the presence of Pinus sylvestrisregeneration groups in canopy gaps. Whole -tree
harvesting treatments would have a similar effect but with a much smaller increase in
woody debris cover.
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Table 3. Summary of cover (%) and height (H) of the main understory components for the
pre-treatment scenario (Pre) and post-treatment scenarios involving stem only harvesting
(SOH and SOVH).

Component
Herbaceous layer +7161'84 0.049 +0.013 42.3 0.05 28.3 0.05
Woody 11.9
understory +1?; 3 0.93 £0.81 2.5 0.32 1.8 0.37
species -
Woody debris 8.312.9 0.16 +0.14 36.7 0.23 50.9 0.29

Figure 3. Aerial view of an example of the treatments. At the bottom-left, very high intensity
thinning distributed by groups (CC t 30%); at th
intensity thinning ¢ighG untreatedstand;(initaltconditiors). b ot t o m

9
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2.4.2. Fuel models
Table 4 and

Table 5 show the surface and canopy fuel variables of the custom fuel models. All
treatments increase dead fuel loads (1h, 10h, 100h), with the 10h fuel being particularly
affected. This increase is significantly greater in stem -only harvesting compared to whole -
tree harvesting. All treatments reduce live fuel loads and fuel bed depth (except for SOVH,
which does not reduce FBD).

Fuel bed depth is very low across all models, both before and after the treatments. This

is due to the consistently high herbaceous layer cover across all treatments, which has a
relatively low height, and the low percentage of shrub cover. In post  -treatme nt scenarios,
the reduced height of logging residues further contributes to this outcome.

Both treatments (high - and very -high-intensity thinning) reduce d canopy cover while
slightly increasin g mean canopy height and mean crown base height. They also
significantly reduce d available canopy fuel load and, consequently, canopy bulk density.

Table 4. Summary of the surface fuel model across different scenarios. 1h, 10h, 100h, dead
fuel load for the corresponding category; Lh, live herbaceous fuel load; Lw, live woody fuel
load; FBD, fuel bed depth. Red and green indicate unfavourable or favourable varations,
respectively, in percentage, relative to pretreatment values. Some values are presented as
"mean * standard deviation".

Variable PRE SOH SOVH WTH WTVH
’Value Value Incr. Value Incr. Value Incr. Value Incr.
Surface
variables
1h (t ha™) +261591 5.61 | 157%| 8.31 280% | 2.53 | 16%| 2.80 28%
10h (t ha™) +066530 4.21 |571% | 11.04 | 1661% | 0.99 | 57%| 1.67 166%
100h (t ha™) +21'1813 10.30 | 388%| 21.35 911%|2.93 | 39%| 4.04 91%
Lh (t ha') +00'5135 0.30 | -44%| 0.20 -63%0.30 | -44%| 0.20 -63%
Lw (t ha) +00'6699 0.18 | -73%| 0.10 -85%0.18 | -73%| 0.10 -85%
FBD (m) 015 0.11 | -22%| 0.17 15%0.06 | -62%| 0.06 -60%
$0.16

10
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Table 5. Canopy fuel variables across different scenarios. CC, canopy cover, Hm, mean
canopy height; CBH, canopy base height; ACFL, available canopy fuel load; CBD, canopy bulk
density. Red and green indicate unfavourable or favourable variations, respectively, n
percentage, relative to pre-treatment values.

PRE ‘ SOH and WTH SOVH and WTVH

Variable Units

Value\ Value |Incr. Value Incr.
Canopy variables
CC % 70 50 -29% 30 -57%
Hm m 13.1 141 7%| 13.5 2%
CBH m 6.9 7.9 15% 7.4 8%
ACFL kgm? | 1.173 | 0.638 | -46%| 0.378 -68%
CBD kgm® | 0.187 | 0.104 | -45%]| 0.063 -67%

Table 6 presents fuel moisture values under different meteorological scenarios. Dead fuel

moisture (1h, 10h, and 100h) is influenced by stand variables, meteorological conditions,
and exposure (canopy cover). Live fuel moisture is influenced only by exposure and
species composition.

Table 6. Fuel moisture values across different meteorological scenarios (P50, P75 and P99).
Fuel abbreviations as in Table 4. WS, wind speed; RH, relative humidity; T, air temperature.
Red, yellow, and green indicate unfavourable, neutral, or favourable variations, respectively,
in percentage, relative to pre-treatment values.

PRE ‘ SOH and WTH SOVH and WTVH

Variable Units

Value \ Value Incr. Value Incr.
P50. WS = 27.5 km'h-1; RH = 66.2%; T = 16.3 °C
1hFM % 12 12 0% 9 -25%
10hFM % 13 13 0% 10 -23%
100h FM % 14 14 0% 11 -21%
P75. WS = 41.3 km-h-1; RH = 50.9%; T = 20 °C
1ThFM % 10 10 0% 7 -30%
10hFM % 11 11 0% 8 -27%
100hFM % 12 12 0% 9 -25%
P99. WS = 54.5 km-h-1; RH = 28.1%; T = 27.2 °C
1ThFM % 7 7 0% 4 -43%
10hFM % 8 8 0% 5 -38%
100h FM % 9 9 0% 6 -33%
Scenarios P50, P75 and P99
Lh FM % 60 60 0% 30 -50%
LwM % 1149 | 121.7 6%| 97.4 -15%

11
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| FoliarM % [1105] 1105 | 0%| 867 | -22%)|

2.4.3. Fire behaviour

The pre-treatment model generates surface fire under the mildest meteorological
scenario (P50). In the more severe meteorological scenarios (P75 and P99), it produces a
conditional crown fire type, mean ing that under the simulated within -stand conditions , a
surface fire cannot transition into the canopy . However, an active crown fire could still
occur if it spreads into the overstory from an adjacent area and burns into the stand. The
surface fire behaviour variables are presented in Table 7, while the variables
corresponding to the potential active crown fire in the pre  -treatment scenario are shown
in Table 8. The possible active crown fire predicted in the pre -treatment scenario under
P75 and P99 exhibits the highest values across all fire behaviour variables (i.e.  rate of
spread, heat per unit area, fireline intensity and flame length ), indicating the maximum
potential fire severity among the simulations.

Table 7. Simulated fire behaviour parameters for each treatment (PRE, SOH, SOVH, WTH,
WTVH) and meteorological scenario (P50, P75, P99). FT, fire type; ROS, rate of spread; HPUA,
heat per unit area; FLI, fireline intensity; FL, flame length; SH, scorch height. Surface fire;

CC, conditional crown fire. Red, yellow, and green indicate unfavourable, neutral, or

favourable variations relative to pre -treatment values.

Variable Units ' RE | SOH SOVH WTH WTVH
Incr. Value |Incr. Value Incr. Value Incr.
P50
FT --- S S S=S S S=S S S=S S S=S

ROS mmin'| 0.8 0.4 -50% 0.8 0% 03 |-63%| 05 -38%
HPUA kJ-m? | 4952 4231 | -15% | 4510 -9% | 3363 | -32% | 2964 | -40%

FLI kW-m™' 62 26 -58% 63 2% 19 -69% 26 -58%
FL m 0.5 0.3 -40% 0.5 0% 03 |-40% | 0.3 -40%
SH m 1.4 0.5 -64% 0.6 -57% 04 |-71% | 0.3 -79%
P75
FT --- CcC S CC>S S CC>S S CC>S S CC>S
ROS m-min” 1.2 0.6 -50% 15 25% 05 |-58% | 0.9 -25%

HPUA kJ-m™ 5161 4368 | -15% | 4656 | -10% | 3487 | -32% | 3056 | -41%
FLI kW-m™' 104 43 -59% 113 9% 31 -70% 47 -55%

FL m 0.7 0.4 -43% 0.7 0% 04 |-43% | 05 -29%

SH m 1.8 0.6 -67% 0.8 -56% 04 |-78% | 04 -78%
P99

FT --- CcC S CC>S S CC>S S CC>S S CC>S

ROS m-min™ 1.8 0.9 -50% 2.6 44% 08 | -56% | 1.6 -11%
HPUA kJm™ 5476 4555 | -17% | 5313 -3% | 3648 | -33% | 3454 | -37%
FLI kW-m™' 167 68 -59% | 228 37% 50 -70% 93 -44%
FL m 0.8 0.5 -38% 0.9 13% 05 |-38% | 0.6 -25%
SH m 2.8 0.9 -68% 1.4 -50% 06 |-79% | 0.6 -79%

12
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All post-treatment fuel models generate surface fire across all three meteorological
scenarios (P50, P75, and P99). In all cases, except for SOVH, potential fire severity is lower
than in the surface fire of the pre -treatment scenario ( Figure 4). The most effective
treatments under all meteorological conditions are those involving whole -tree harvesting.

Table 8. Simulated fire behaviour parameters for the PRE scenario. Values correspond to
active crown fire cases under conditional crown fire conditions in meteorological scenarios
P75 and P99. Abbreviations: se€lable 7.

Variable P75 P99
TF --- AC | AC
ROS mmin' | 164 | 26.4
HPUA kJm* |26961 27276
FLI kWm*® | 7350 |11979

FL m 10.1 | 13.9
(]
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Figure 4. Relationship between heat per unit area and rate of spread across pre- and post-
treatment scenarios. The lower graph zooms in on the lowerleft section of the upper graph,
focusing exclusively on surface fire scenarios. AC denotes scenarios where the fire type is active
crown fire. The remaining scenarios represent surface fires.
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2.5. Discussion

2.5.1. Forest structure changes

All the proposed treatments are expected to affect significantly overstory and understory
variables due to the inherent intensity of the fire prevention silvicultural treatments. The
thinning operations carried out are considered very intensive, with the e xtraction of 44%
(H) and 67% (VH) of the initial basal area. This is due to the abandonment of wood
production objective in favour of pasture improvement and fire prevention.

We created detailed custom fuel models to initialize the fire behaviour models as
accurately as possible, though it is a time -consuming method (Keane, 2015). The whole -
tree harvesting scenarios were createdt hrough the parameterization of the effects of the
treatments on understory structure. Mitsopoulos & Dimitrakopoulos (2017) used a
similar approach.

The significant alteration of the canopy and the increase in dead fuel loads are consistent
with other observations (Piqué et al., 2022; Piqué & Doménech, 2018; Vaillant, Fites -
Kaufman, Reiner, et al., 2009). Most of the pre -treatment fuel model estimated
parameters (i.e. , litter load, fine woody debris load, live total woody load and fuel bed
depth) show great variability.

The high-intensity thinning from below treatments described in Piqgué & Doménech
(2018) are comparable to our high -intensity thinning treatments (SOH and WTH). In our
case, the canopy base height varies by +14.5% (1 m), and the canopy bulk density
decreases by -44.7% (0.084 kg-ma), which is similar to the +14.5% (1 m) and -60% (0.14
kg-mw) changes observed in the previous study.

The microclimatic changes affecting fuel moisture after thinning are not evident
(Banerjee, 2020). In this study, we attempted to reflect the canopy's protective effect by
assigning lower fuel moisture values in the very-high-intensity treatments (SOVH and
WTVH), as reduced canopy cover allows more solar radiation to reach and dry the surface
fuels.

It should be noted that estimating surface fuel loads, particularly harvest ing residues, is
a laborious and complex task that may require destructive sampling. For this study, we
used the line -intersect method by Brown (1974) to estimate fine woody fuel load (1h, 10h,
100h), as it is a simple and quick method to apply. However, this  method has a limitation
in characterizing recent silvicultural residues, as it does not include needles present on
branches. In this study, we considered estimating needle loads through the allometric
equations of Ruiz -Peinado et al. (2011) as a possible solution. In any case, this estimation
should be validated with data obtained from destructive sampling.

2.5.2. Fire prevention expected effectivity
Before treatment, fire behaviour simulations result in a low-severity surface fire in all
meteorological scenarios. In the P75 and P99 meteorological scenarios, there is also the
possibility of a crown fire, which corresponds to the highest potential severity among
those obtained. Both thinning intensities su  bstantially reduce the likelihood of an active
crown fire. This is due to a significant reduction in canopy bulk density and, consequently,
an increase in the critical active crown rate of spread, which  is consistent with Crecente -

14



D1.12 IA 1.5 brief: Report on innovative post-fire restoration and adaptation strategies

Campo et al. (2009), Piqué et al. (2022), Pigué & Doménech (2018), Stephens &
Moghaddas (2005), among others. The probability of fire transitioning from the surface

to the canopy is very low in all simulated cases, especially in the high  -intensity thinning
treatments (SOH and WTH), due to the sheltering effect of the canopy, which influences
wind speed and fuel moisture.

Fire behaviour has been compared across different meteorological scenarios defined by
percentiles, as is common in similar experiments (Agee & Lolley, 2006; Piqué &
Domeénech, 2018; Vaillant, Fites -Kaufman, & Stephens, 2009). In the simulated cases, fire
behaviour remains largely consistent across meteorological scenarios, except for the
potential occurrence of an active crown fire in the pre -treatment scenario (P75 and P99).
This homogeneity is largely due to the high compactness of the fuel bed, whichist  he
most determining factor in these simulations.  Consequently, f ire behaviour variables do
not increase proportionally with fuel load , in agreement with Piqué & Doménech (2018).

According to Rothermeldds (1983) fire suppressioa
surface fire scenarios are low -intensity and can be suppressed using hand tools.

Conversely, the active crown fire type in the pre -treatment P75 and P99 scenarios exhib it

extreme intensity and would exceed suppression capacity (Costa et al., 2011).

2.5.3. Practical implications for management
The designed silvicultural treatments are expected to modify resource availability and
microclimatic conditions in the understory, thereby improving pasture productivity
(Pachas et al., 2023), as well as its composition and quality (Ducherer, 2005). Howeve r,
the accumulation of logging residues hinders pastoral use (Kaufmann, 2011). Therefore,
the best management option for pastoral use should include whole -tree harvesting.

Wind and snow episodes can cause severe damage to  Pinus sylvestrisforests (del Rio et
al., 2017). The pre-treatment stand height -to-diameter ratio (Hm-Dm @) is approximately

45, which is below the critical range (70 -90) reported by del Rio et al (1997). In any case,

the possibility of windthrow damage in the stand should be assumed due to the high -
intensity treatments required to achieve the objectives in the short term.

In the medium to long term, a significant emergence of shrub and tree regeneration is
expected due to the reduction of canopy cover (CC) below 70% (Piqué, Beltran, et al.,
2011). Targeted grazing is considered an economical and synergistic strategy for
maintaining fuel break areas (Varela et al., 2018). This should be combined with
mechanical treatments or periodic prescribed burns to ensure low fuel loads (Oikonomou

et al., 2023), thus achieving management objectives over an extended period.

2.6. Conclusions
Relevant highlights regarding the potential of treatments performance include:
1 Alltested treatments help reduce potential fire severity and improve suppression
opportunities under the most adverse weather conditions. In the most favourable

weather scenario, the treatments maintain a similar level of fire severity and
suppression opportunities as the untreated stand .
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1 Whole-tree harvesting (WTH and WTVH) could be the best option to achieve our
dual management objectives of fire prevention and pasture improvement. Slash
accumulation in stem -only harvesting hinders performance in both directions.

1 The high compactness of resulting slash is of great importance, significantly
mitigating the adverse effect of weather conditions.

1 Grazing combined with future mechanical interventions or prescribed burns will
serve to maintain this Strategic Management Point.
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3.Prescribed burning treatments and grazing
introduction for EWE prevention

3.1. Introduction

There is a growing consensus among experts regarding the problematics of Extreme
Wildfire Events (EWES) A significant increase is observed in both the frequency and
intensity of these type of fires, which burn thousands of hectares and stay active for
several weeks or even months, leading to unprecedented ecological impacts and
significant challenges for ¢ ivil protection ( Duane et al., 2021).

EWEsare complex phenomena caused by the combination of multiple factors ( Pausas &
Keeley, 2021; Castellnou et al., 2022; Castellnou et al., 2024 ). Among these, two key
elements stand out: climate change, which is causing longer and more intense drought
periods and thus, extending the fire season (Grlnig et al., 2023), and human  -induced
changes in fuel patterns, mainly influenced by rural abandonme  nt and fire suppression
policies (Moreira, et al., 2020).

The Canary Islands, and particularly Gran Canaria, are not exempt from this alarming
pattern (Fababu et al., 2020). Regarding rural abandonment, the primary sector used to
be the main economic driver in the archipelago. However, in recent decades this has been
replaced by third sector activities linked to tourism. Before 1960, the primary sector
employed more than 50% o f the population and generated 32% of the Gross Domestic
Product (GDP). Today it only accounts for 20 ,000 direct jobs and contributes little  more
than 1% of GDP (Source: Government of Canarias).

This decline of traditional forest exploitation practices (e.g., firewood and pine needle
collection) together with the abandonment of agriculture and extensive livestock farming,

has led to a significant recolonization of rural lands by forest vegetation, creating fuel -
loaded landscapes particularly vulnerable to wildfires. According to data from the
Department of Agriculture, Livestock, Fisheries, and Water of the Canary Islands
Government, 20 out of the 21 municipalities in Gran Canaria experienced a los s of
agricultural land between 2013 and 2019.

On the other hand, the progressive specialization of firefighting teams, as well as the
allocation of most of the investment to fire suppression, has resulted in the so -called
wildfire paradox. The high effectiveness in extinguishing fires at their earlies t stages,
paradoxically encourages the accumulation of fuel that, in turn, will probably lead to more
severe and catastrophic wildfires (Moreira et al. 2020).  As an example, according to the
Canarian Statistics Institute (ISTAC), only 0.5% of all wildfire incidents occurred in Gran
Canaria between 2000 -2023 were large fires that accounted for 93% of the total burned
area in the same period (ISTAC, n. d.).

Therefore, experts agree that the only way to mitigate the effects of these new
generations of wildfires is through integrated and planned land management. This
implies the adoption of more advanced strategies and the use of new prevention tools,
such as prescribed burning and preventive grazing, which will be the subject of this
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chapter. The key is not to remove fire from the landscape. Instead, the challenge lies in
creating conditions that generate ecologically and socially sustainable fire regimes.

3.2. Objectives

The main objective of this Innovation Action was to reduce wildfire risk in fire prone areas
of Gran Canaria Island using two innovative management techniques. Specifically, the
objectives of this action were to:

1 Implement prescribed burns in three Strategic Management Points (SMPs)of the
island (critical points where maintaining or creating infrastructure that limit s the
impact of wildfires is necessary, Larrafaga et al., 2013) and evaluate the
effectiveness of this technique in a wildfire occurred in 2023.

1 Implement prescribed grazing in a recently burned area to maintain a low -fuel
area and in a ravine dominated by an invasive alien species.

3.3. Methods

3.3.1. Study site: Gran Canaria
Gran Canaria, covering an area of 1 ,560 km?, is the third largest island of the Canary
Islands archipelago, which is located in the Atlantic Ocean, offshore of the northwest
African coast. Volcanic in origin, it has an average altitude of 1 ,500 m.a.s.l., and peaks at
1,950 m.a.s.l. Its subtropical climate is highly influenced by the trade winds from
northeast, which create a contrast between humid windward and arid leeward slopes,
and by its proximity to the Sahara Desert. This, together with its complex topography, are
the cause of its high microclimatic diversity. Yearly average rainfall is 280 mm with highly
irregular spatial distribution, ranging from 60 mm in the southern coastal strip to 740 mm
in the highest altitudes. Average annual temperature is 18 .6°C (Luque Soéllheim et al.,
2024).

The predominant synoptic situation linked to EWE is the climatic = phenomenon known as
gTi empo Sur 3, characterised by strong warm wind:
generate conditions of high temperatures and low relative humidity.

Regarding soil types, in more arid coastal areas , aridisols and vertisols are the
predominant soil s, wh er e as70Q rh.as.l) deaterel moserfeirtied ar eas
and developed soils, such as alfisols, ultisols and andisols. At higher elevations, however,

the soils tend to be shallower and less fer tile, primarily represented by entisols.

The predominant forests in the Canary Islands Archipelago and, particularly, in Gran
Canaria are Canarian pine ( Pinus canariensis C.Sm.) forests (ca. 80% in Gran Canaria), an
endemic species of the Archipelago characterised by its high resistance to fire. Other
forests present in Gran Canaria are Laurel forests (more humid formations represented

by broadleaved species) and termophil ous forests with species highly adapted to drought
conditions.
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3.3.2. Strategic Management Points (SMP)
In Gran Canaria, there are 8 High Wildfire Risk Areas (ZARI, for its acronym in Spanish),
legally defined as those areas where the frequency or severity of wildfires, as well as the
significance of the threatened values, make special fire protection measur  es necessary
(Ley 43/2003 de Montes). Given that these areas account for more than 40% of the
i sl andbYs ,488ha), inis esselfti@l tb define strategic management  points (SMP or
ZEGfor its acronym in Spanish) on which to focus resources and effort s. These priority
intervention areas are locations where either the protection of environmental or social
values is considered a priority or where, with the appropriate preventive treatment,
wildfire spread can be slowed down, creating windows of opportuni ty for emergency
services. Their identification requires a thorough study of the territory and an analysis of
historical fires behaviour.

The Strategic Management Points identified in Gran Canaria include:

I Mainridge axes: these act as the main propagation axes of wind -driven wildfires.
Particularly critical are the ridge nodes, which can bifurcate the flame front, and
mountain passes which mark the endpoint of topographic fires. The generation of
low-load areas in these zones aims to generate firefighting opportunities, limit the
projection of sparks, compartmentalise the terrain and reduce the fire severity.

1 Main gully axes: these act as topographic fire propagation axes. In these areas,
the aim is to reduce the fuel load or generate green barriers (areas made of laurel
or riparian vegetation, permanently humid and hygrophilous). Ravine nodes
become particularly critical sinc e they act as potential bifurcation points for the
flame front.

9 Auxiliary roadside strips: roads within ZARI areas constitute the main access
routes for firefighting teams as well as the main evacuation routes for citizens.
They are also a key element to create extinguishing opportunities and ensuring
safety for both firefighting resources and  citizens.

9 Strategic agricultural areas , which are managed agricultural zones that
generate discontinuities in the territory and therefore modify the fire behaviour,
and wildland -urban -interface ( WUI) defensive belts , which act as protection
buffers between urban settlements and the forest.

At present, the Cabildo of Gran Canaria utilises several silvicultural tools and techniques

to manage and reduce the fuel load in these strategic areas, as part of a comprehensive
land management strategy. As previously mentioned, the present work focuses on the
implementation of prescribed burns and preventive grazing to reduce wildfire risk in
specific fire -prone locations in the island of Gran Canaria.

24



D1.12 IA 1.5 brief: Report on innovative post-fire restoration and adaptation strategies

3.3.3. Treatments implemented

Prescribed burning

Prescribed burning has become nowadays a key tool for  fuel management on the island
of Gran Canaria. The Cabildo of Gran Canaria initiated the use of this technique in 2002,
treating, in just five years, an area of 166 .5 ha. This achievement positioned the island as
one of the leading European territories in the use of prescribed technical fire (Fababu et
al., 2007). Over the years, the application of prescribed burns has been refined and has
evolved alongside the growing sp ecialization of the operational teams.

From a fire prevention perspective, prescribed burns aim to create low fuel load areas in
strategic locations across the island, serving as potential opportunity points for fire
control and contributing to the reduction of the overall fire risk. In additio n to fire
prevention, this technique has several secondary objectives, including the regeneration

of pasture areas and the removal of agricultural and forestry debris, as well as the training

of firefighting personnel.

The Rothermel fuel models on which prescribed burns are typically applied range from
grass models to promote regeneration, to tree -covered without understory models
(Models 8 and 9) and shrub under canopy models (Models 4 and 6). The latter represent
the most complex burns, since they require initial structural modifications through
silvicultural treatments, generating wood debris (Models 11 and 12) that will be
subsequently burned. The prescribed burns are predominantly conducted on Canarian
pine forests ( Pinus canariensis), as they have proved to be the most effective and
economical tool for reducing the accumulation of fine dead fuel in these habitats.

Regarding the ecological impact, prescribed burns can affect the composition and
diversity of plant and animal communities, as well as water resources and soil properties
depending on the habitat and the manner in which they are applied (Fernandes et al.,
2013). However, several studies suggest a neutral or even positive effect of low  -intensity
fires on soil health and biodiversity, as well as a rapid recovery after treatment (Alcafiz et

al., 2018; Fernandes et al., 2013). As for the case of Gran Canaria, s everal studies
conducted in the island found no significant effects and observed a rapid recovery on
floristic composition, soil properties and ground  -dwelling invertebrate communities after
prescribed burns (Arévalo et al., 2023; Arévalo et al., 2014; Gar cia-Dominguez et al., 2010).
Nonetheless, further research may be necessary to assess the impacts of different levels

of fire intensity, seasonality, and frequency, as well as the effects of burns on rare or
sensitive species, given the high level of endem ism in Canarian ecosystems.

Prescribed burning: Study sites

In light of this and within the framework of this Innovative Action, a total of 10 .13 ha of
low intensity prescribed burns were conducted between January and May 2024 ( Figure 5
and Figure 6). Sites were located at elevations ranging from 1 ,250 to 1,900 m.a.s.l. on
moderate to steep slopes. The dominant tree species inthese areas was  Pinus canariensis
combined with non -native conifers such as Pinus radiata and Pinus pineain the Llanos de
Ana Lopez site. The main fuel models present at the treatment sites included shrub under
canopy and tree -covered without understory models. More details about the sites are
provided in Table 9.
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The treated sites were located within three of the Strategic Management Points outlined
in the Fire Prevention, Surveillance, and Extinction Annual Plan developed by the Cabildo
of Gran Canaria for 2024. Specifically:

9 Llanos de Ana Lépez Site: Located at the Strategic Management Point Cruz de Los
Llanos s Cruz de Tejeda, which corresponds to a main ridge axis. The main
objective was to maintain a low fuel load safety strip adjacent to a recreational
area to maximize safety during potential fire  events. Given the large humber of
visitors that normally frequent the area, the absence of appropriate preventive
measures could lead to serious challenges for Civil Protection in the event of an
emergency. Prior to the burns, silvicultural  treatments were applied to remove the
understory and reduce vertical fuel continuity, thereby ensuring that prescribed
burns would be carried out at low intensity.

1 Pico de la Gorra Site: Located at the Strategic Management Point Pico de Las
Nieves-Pico de La Gorra, area of particular interest since it is the main ridge axis
that separates the northern and southern slopes of the island. The objectives here
are multiple. Firstly, to create low fuel load areas that prevent the fire from
jumping from one slope to the other and thereby significantly reducing its spread
potential. Secondly, to protect the military air traffic control in the area (EVA 21).
These prescribed burns were conducted in  two days: one in March and the second
in May. Prior to the May burns silvicultural treatments were carried out to reduce
fuel vertical continuity. It is worth noting that the burns conducted in May were
part of a training program aimed at enhancing fire s uppression capabilities.
Therefore, they had an additional objective: to improve the skills of the firefighting
teams.

9 Artenara Base 2 Site: Here, the objective was to create a protection zone for the
defence of a critical infrastructure; the Artenara heliport, where the helicopter
borne brigades (PRESA teams) of the Operational Unit for Forest Fires of the
Cabildo of Gran Canaria are based. S ince this infrastructure is one of the main
forest bases in the island, its operability in the event of a fire is essential and any
damage on it could severely affect the response capacity of the emergency
services.

To illustrate the effectiveness of these treatments in wildfire prevention, a later section
present s the case of the Cortijo de Huertas wildfire in 2023, which affected an area
previously treated with prescribed burns. It is important to note that the plots executed

in Pico de la Gorra in 2024 are located in the same Strategic Management  Point where
the fire occurred but were not affected by it.
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Table 9. Details of the prescribed burn sites.

Previous .
silvicultural e Lt Slope Aspect L
(ha) (m.a.s.l.) model
treatments
Llanos
de Ana [11/01/2024 Low Yes 297 | 1611 20% | N-NE | 9,10
Lopez
Artenara 22-
0, -
Base 2 |23/04/2024 Low No 3,21 | 1250 30% | E-NE 9
Pico de |13/03/2024 Yes SW-S- | 7,9,
0,
la Gorra |21/0512024 | " | (2u/05/2024) | 390 | 1900 | 20% | g 1y

Llanos de Ana Lopez Site

Pico de la Gorra Site

Figure 5. Location of the study sites managed with prescribed burns (red polygons).
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Figure 6. Prescribed burns carried out in the selected sites. Source: Cabildo de Gran Canaria
¢ UOFF.

Prescribed grazing

In response to the increasing threat posed by EWEs, extensive grazing and particularly
prescribed grazing, has emerged as an effective and powerful strategy for modifying fuel
structure and reducing the risk of high -intensity wildfires.

In Gran Canaria, extensive grazing was first employed for wildfire prevention in 2005,
when the Cabildo de Gran Canaria started to grant permission for grazing in public forest
areas. By 2013, these authorizations were expanded to include ravine beds. Howe  ver, it
was not until 2018 that the significance of this practice in landscape management and
wildfire prevention was officially acknowledged, following the signing of an agreement
between the Cabildo de Gran Canaria and local shepherds.

This agreement |l ed to the establishment of the
formalised the allocation of grazing areas within public forests and ravines. It also

introduced economic compensation for shepherds through Payments for Ecosystem

Services aimed at fire prevention efforts. The first payment was made in 2022, and

participation has steadily increased ever since. In 2024, 36 livestock families benefited

from the project, with 45 areas of public forests and watercourses allocated, which

covered a total of 1,681 hectares ( Figure 7).

28



D1.12 IA 1.5 brief: Report on innovative post-fire restoration and adaptation strategies

Figure 7. Prescribed grazing in a ravine (right) and in a main ridge axis (left). Source: Cabildo
de Gran Canaria.

Payments typically range from 40 to 180 euros per hectare and year, varying based on
the vegetation type, the distance to be covered by the shepherds and the strategic
significance of the area for fire prevention. Higher payments are allocated to the most
strategically important or difficult -to-access locations. Each year, two payment cycles are
established: the first in June, prior to the fire season, and the second in November,
coinciding with the transhumance to the lower regions of the island.

The ¢Gran Canar i a(hths/grancanaiandosajea.conp/pasiorea/) aimsto
achieve the following objectives:

1 To establish low -load areas within the territory, paying special attention to
Strategic Management Points (SMPs).

1 To collaborate in the management and control of invasive exotic species.

9 To ensure that sustainable grazing practices align with biodiversity conservation
efforts.

1 To promote the training of new shepherds, emphasizing fire prevention strategies.

1 To support generational renewal and contribute to the development of rural
communities.

1 To investigate the response of island ecosystems to different grazing regimes.

However, it is worth noting that this project is not based in the application of traditional
extensive grazing but rather focuses on the so -called prescribed grazing. Unlike
traditional practices, prescribed grazing involves the controlled introduction of livestock
in carefully selected areas, based on specific technical guidelines established in advance
(Figure 8).
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Excluded

Land ownership

Private land

Public land

Regime of uses of the
protected natural area

Excluded

measures Grazing not
allowed
Grazing
allowed
Protected species .
populations according to Exdudrendeg;l;j)rreesv it
Biota and SEGA Yes
No
No
Not allowed, except for
Stocking rate giant reed (Arundo donax)
>0,5 LSU/halyear beds
<0,5 LSU/halyear
Land included in "Gran
Canaria Pastorea”
Figure 8. Par ameters conditioning the inclusion of

Grazing forbidden
Grazing allowed/
allowable

Natura 2000 conservation Excluded

preventive measures to be taken. Source: Cabildo de Gran Canaria.

In general, allocated sites usually correspond to Strategic Management Points, such as
main ridge axes or ravines, although traditionally grazed areas are also considered.
Grazing in Protected Natural Areas is included as well, but only in locations where the
corresponding planning instruments allow livestock activity.

The proposed stocking rates are set at less than 0.5 LSU per hectare and year, except for
reed bed areas in ravines, where higher stocking densities are permitted to manage the
growth of the invasive species Arundo donax. These low stocking rates are adequate to
meet fire prevention objectives (such as reducing accumulated biomass and modifying
fuel structure) without causing significant ecological disruption to the landscape. Recent
studies conducted in the Canary Island s found no significant negative effe cts of low -
intensity grazing on biodiversity or the spread of invasive alien species (Arévalo et al.,
2011; Fernandez -Lugo et al., 2011; Bermejo et al., 2012). In any case, ongoing monitoring
since 2021 continues to assess the effects of grazing on flora, invertebrate communities,
and avifauna, with preliminary results suggesting that grazing influences population
structures and creates opportunities for the growth of other native species while
maintaining overall biodiversity (Fababu et al., 2024).

I n addition to the primary objectives of t he
complementary actions are being implemented as well. These include the installation of

perimeter or individual fences in reforestation areas to avoid possible damage caus ed by
livestock and, thus, ensuring the compatibility of both activities, or silvicultural

treatments, such as clearing and prescribed burns as preparatory steps before grazing.
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In reference to the latter, the integration of different treatments turns out to be, in many
cases, the most effective strategy. Mechanical clearing enables the removal of highly
lignified vegetation that cannot be assimilated by livestock. Subsequently, t  he resulting
plant debris is eliminated through prescribed burning. The regrowth of vegetation is then
managed through grazing to maintain the functionality of the low -load areas generated.
This combination of treatments is particularly beneficial in the g iant reed beds located in
many of the island's ravines. The tender sprouts are highly palatable, and the continuous
presence of grazing herds transforms the giant reed beds into productive pastures,
simultaneously reducing the risk of wildfires. Currently,  approximately ten ravines across
the island are being managed using this integrated approach.

Finally, the herds are continuously monitored using GPS devices, allowing for precise
tracking of both grazed areas and grazing intensity. Additionally, since 2022, mobile
shelters have been set up in the most remote locations to accommodate shepherds
duri ng the transhumance season.

I't is important to highlight that the ¢Gran Can
Canaria Mosaicod strategy, promoted by the Cabil
to prevent large wildfires by fostering the regeneration of diverse and inha bited mosaic

landscapes in which the balance between the natural environment and agricultural

activities allows the creation of fire -resilient ecosystems. The strategy emphasises the

active involvement of society, particularly rural communities, in land ma nagement and in

addressing the evolving challenges posed by EWEs.

Prescribed grazing: Study sites

The preventive grazing treatments outlined in this Innovative Action were implemented
across two areas included in the Gran Canaria Pastorea project. These treatments were
carried out by local shepherds who participated in the tender process in 2024. The
selected sites were located within two Strategic Management  Points, specifically:

1 Barranco de Las Goteras (BRI_004): This ravine is located in the Tafira Protected
Landscape, in a |l ocation categorised as ¢Zone
to the Management Plan of the Natural Protected Area, grazing is allowed.
Although the site also falls within the Natura 2000  Network, the action focuses on
the bed of the ravine, where almost monospecific populations of giant reed
(Arundo donax), an invasive and highly flammable exotic species, currently
predominate. Thus, the objective of this  treatment was twofold: to generate a low
fuel-load area in a key location for fire risk management (due to the islands
orography, ravines are often the axis of propagation of topographic fires) while
controlling the spread of an invasive alien species. Pr escribed goat grazing was
implemented in a total of 7.47 ha of the ravine (Figure 11) and, prior to this,
mechanical clearing was carried out to facilitate the accessibility to regrowth.

1 La Abejerilla (MAT_002): Located at the Strategic Management Point Pico de Las
Nieves-Pico de La Gorra, area of particular interest since it is the main ridge axis
that separates the northern and southern slopes of the island. Prescribed sheep
grazing was implemented in 10.56 ha of an area that had been affected by the
Cortijo de Huertas wildfire in 2023 (Figure 12). Despite the short time elapsed since

31



D1.12 IA 1.5 brief: Report on innovative post-fire restoration and adaptation strategies

the fire, prescribed grazing was introduced to maintain the low fuel -load in a
grassland already recovered from the fire.

Presaide Cuevas
Blancas

Presadé la
Concépeion

Las' Goteras -,

}

L2 umbra. E! Ralmital

7 A Prescribed grazing treatments

SRC: WGS84 / UTM Zone 28N°"

Figure 9. Prescribed grazing treatments in a ravine dominated by the invasive alien species
Arundo donax.

Escuadron de
Vigilancia Aéred n° 21

Escuadron de
Vigilancia Aérea n® 21

R Cortijo de Huertas 2023 Wildfire perimeter
€ 7 Prescribed grazing treatments Escuadron de

Vigilancia Aérea n° 21

Figure 10. Prescribed grazing treatments in a grassland located within the perimeter of Cortijo
de Huertas wildfire occurred in 2023.
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3.4. Results

3.4.1. Case study: Cortijo de Huertas 2023 wildfire
In July 2023, a wildfire that started in the municipality of Tejeda (Gran Canaria) burned
431 ha of forested land dominated by Pinus canariensis Although the wildfire was
controlled after two days, it exceeded extinction capacity in several moments, especially
during the first day, and produced a considerable number of spot fires that multiplied its
spread rate. In the years preceding this event, prescribed burns had been implemented
in areas that would later be affected by the fire.

To assess the effectiveness of these prescribed burns, those conducted within the fire
perimeter and within a period of 5 to 7 years prior to the event were selected. This can

be considered as a reasonable time frame to expect treatments to be functional a nd
effective (estimate based on the expertise of Gran Canaria firefighting teams). Thus, a
total of 19 plots managed between 2020 and 2022 were selected ( Figure 11), 14.53 ha of
which were affected by the wildfire.

The severity of fire damage within the prescribed burn areas was compared to that in
adjacent untreated areas ( Figure 12). Table 10 summarises the proportion of the
managed area affected by the wildfire at different severity levels.

Table 10. Severity of the Cortijo de Huertas wildfire over the prescribed burn area and the
percentage relative to the total treated area affected. Source: Balguerias (2024).

o,
Severity Affected area (ha) % of the total affected

area
High 0.71 5%
Medium 2.64 18%

Low 11.18 77%

Altos del
Pozo

EVA2L ¢
) “Picode la
% Gorra

Cortijo de Huertas Wildfire perimeter
Prescribed burning plots
Z4 2020

2021
74 2022

<
SRC; WGS84 / UTM Zone 28N

Figure 11. Perimeter of the Cortijo de Huertas wildfire and sites with prescribed burns in the
previous years.
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Altos del Pozo .

LEGEND

I High severity
[ Medium severity
[ Low severity

£227 Prescribed burn plots

Figure12. Severity of the Cortijo de Huertas wildfire and level of damage on prescribed burning
sites. Source: Balguerias (2024).

As shown in Figure 12 and Figure 13, fire damage was not homogeneous within the
treated areas, but rather a progressive change in severity was evident, with the most
severely affected areas closer to the fire impact zone, and less affected ones located
further away. This pattern was consist ent across nearly all studied points, with the
exception of certain locations in the EVA 21 and Altos del Pozo areas, where the fire front
penetrated with a significant severity.

The higher proportion of land exhibiting high severity in the EVA 21 area may be

attributed to the fact that the main fire front impacted over an area treated in 2020. The

el apsed time since the treatment may havtee compr o
high intensity impact of the fire front. On the other hand, the highest severity in Altos del

Pozo area was observed in a section that kept a considerable amount of shrub cover even

after the prescribed burns, resulting in a greater degree of scorching of the tree canopies

during the wildfire and, consequently, a higher level of damage (  Figure 14).
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Figure 13. Wildfire severity transition in the prescribed burn sites located in Pico de la Gorra.
Source: Balguerias (2024).

Figure 14. Limit of the prescribed burned sites in Altos del Pozo. The figure corresponds to the
treated area with shrubs. Note the difference between the untreated (left) and treated (right)
areas. Source: Balguerias (2024).

In the Pico de la Gorra area, the managed plots proved to be highly effective in modifying

the behaviour and dynamics of the fire front. They successfully brought a crown fire
generated by an ascending topographical run, down to the surface and thus, minim ised
the overall impact ( Figure 15).
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Figure 15. Limit of the prescribed burned sites in Pico de la Gorra. Note the difference between
the untreated (right) and treated (left) areas. Source: Balguerias (2024).

In conclusion, the management objectives for which these areas were designed 7z namely,
to limit the spread and reduce the intensity of fire fronts Z were achieved. Furthermore,
it is also essential to emphasize that none of the fronts that impacted the treated areas
were able to surpass them ( Figure 16), thereby confirming the remarkable potential of
these treatments in wildfire control and prevention.

Figure 16. Aerial view of Cortijo de Huertas Wildfire. Areas treated with prescribed burns in
yellow. Source: UOFF Cabildo de Gran Canaria.
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4, Restoration of vegetation cover after
an EWE

4.1. Introduction

In July 2021, a wildfire burn ed 1,824 ha, of which 1,389 ha were forested land, in the
municipality of Santa Coloma de Queralt , Catalonia, NE Spain. The wildfire was
considered an EWE because of its extreme behaviour with massive spot fires and the
formation of a pyrocumul onimbus . The average propagation speed was 2.5 km h* and
the sustained average length of flame was 20 m, surpassing extinction capacity (CFRS Fire
report) .

Following such an EWE, vegetation recovery can be a challenge, especially in mountain or
hilly areas with steep slopes ( Broncano & Retana, 2004). Besides the slope, t he post -fire
regeneration strategy of the vegetation is a key factor in the success of natural recovery
(Vallejo et al.,, 2012); classified into species without post -fire related traits, post -fire
colonizers, seeders, and resprouters

The dominant tree species of the burned forests was Aleppo pine ( Pinus halepensis) an
obligate seeder that relies on its canopy seed bank and the climatic conditions after the
fire to secure regeneration. Aleppo pine has both serotinous and non -serotinous cones.
Serotinous cones retain the mature seeds until a rise in temperature dissolve s the resin
that keeps them sealed and prompts their release . However, d espite having cones that
give evolutionary advantage following a high-intensity fire, regeneration success of
Aleppo pine after an EWEdepends on multiple other factors such as the time since the
previous fire (Eugenio & Lloret, 2006), the climatic conditions after the fire event
(Paneghel et al., 2024) and the associated soil moisture content (Lucas-Borja et al., 2020),
the post-fire vegetation structure and competition for resources (Mendez-Cartin et al.,
2024), and the topography (Pausas et al., 2004).

As temperature s rise and precipitation patterns  shift and become more extreme, post -
fire regeneration success is increasingly at risk (Chamorro et al ., 2013, Paneghel et al .,
2024) and active restoration actions to stabilize the soil and secure the establishment of
vegetation may be necessary (Moreira et al ., 2012). Due to climate change , migration of
plant species towards farther north latitudes and higher altitudes is expected, changing
the current species and habitats distribution (Neilson et al., 2005), yet because of the
sessile nature of plant species, migration may be too slow to keep pace with the rapid
progression of climate change . Therefore , to ensure successful regeneration following an
EWE, assisted migration using better -adapted genotypes could be an effective solution to
restore vegetation while maintain ing canopy cover with the same species , thus
preserving its ecological function . Assisted migration consists in the modification of
species or the genetic composition of the population  for genotypes better adapted to the
anticipated future climatic conditions in that area  (Ste-Marie et al., 2011) .

Assisted migration in the Mediterranean region has  so far been primarily implemented
experimentally, and the adaptation of different provenances to new climatic conditions
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remains largely unknown . The accelerating impacts of climate change make it increasingly
urgent to advance knowledge on the best strategies for implementing this forest
management measure to support adaptation ( Martin -Alcén et al ., 2022).

Any post-fire restoration management strategy, including assisted migration, should
consider both the expected capacity of the system to recover by itself as well as its
resistance and resilience capacity to further hazards. In a context of harsher climate and
increased probability of EWESs,the use of assisted migration as a post-fire restoration
strategy represent s an opportunity to enhance landscape resilience to more severe fires
and associated hazards.

4.2. Objectives

The main objective of this innovation action  was to restore vegetation cover after an EWE
to minimize associated post-fire hazards such as flooding, soil erosion, landslides and
alien plant invasions. Specifically, the objectives of this action were to

1 Establish demonstrative stands of post-fire regeneration strategies in Aleppo pine
forests (Habitat type 9540 of the Habitats Directive)

1 Recover forest cover after an EWE by implementing assisted migration actions
with different Aleppo pine provenances with the aim to explore their adaptation
to the anticipated local climate aridification .

1 Advance in the understanding of assisted migration techniques in post-fire
restoration actions of Aleppo pine stands.

4.3. Methods

4.3.1. Study site

Aleppo pine seedlings were planted in 4 ha located on the northeastern side of the Santa
Coloma de Queralt wildfire perimeter (Figure 17). The site is located on a north western -
facing gentle slope at 500 meters above sea level, with a maximum inclination of  259%,
and exhibits a Mediterranean climate characterized by mild winters and hot, dry
summers. Mean annual temperature is 13.2 °Cand mean total annual precipitationis 572
mm. The soil developed from rocks of different lithologies,  all rich in carbonates. The soils
are shallow, drained , and rich in coarse patrticles.

Before the fire, the area was a fragmented landscape consisting primarily of forests
dominated by Aleppo pine ( Pinus halepensis) along with shrublands and agricultural

areas. Forest understory was abundant and rich in species, with Salvia rosmarinus, Thymus
vulgaris, Viburnum tinnus, Genista scorpius, Dorycnium pentaphyllum, Quercus coccifera,
Quercus ilex,and Quercus faginea.
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Figure 17. Location of the study site (green polygm) within the wildfire perimeter (red line). The
inset shows the location of the Santa Coloma de Queralt wildfire in Catalonia, NE Spain.

4.3.2. Treatments design
A total of 2,688 Aleppo pine seedlings from six different regions of origin ~ were planted in
the study site : two local provenances (one from an area next to the study site and one
from the closest climatic region) , two provenance s from region s with a climate similar to
the expected climate in the study site by the end of the century under a moderate
emissions scenario , and two provenances from regions with a climate similar to the
expected climate in the study site by the end of the century under a severe emissions
scenario (Figure 18, Table 11). Additionally , seedlings from the Alaquas tree nursery in
Valencia, where forest genetic improvement is conducted, were planted due to their
outstanding performance in previous studies . Unlike the rest of seedlings, the Alaquas
material does not come from a single provenance region but from a mix of three regions.
Aleppo pine seedlings were planted along with their common companion understory
woody species: Quercus ilex, Quercus faginea, Sorbus domesticaand Acer monspessulanum.
All planted seedlings were sown in 2023 at the Forest Nursery of the General Council of
Aragon, Zaragoza.
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Table 11. Regions of origin of Aleppo pine provenances planted

Provenance \ Scenario

Central Catalonia Local

Coastal Catalonia Local

Bardenas-Ribagorg¢a Moderate emissions scenario
Interior Levante Moderate emissions scenario
Monegros-Ebro valley Severe emissions scenario
Meridional Betica Severe emissions scenario
Alaquas seed orchard Genetic improvement

The seedlings were planted in 8 blocks of 0.5 ha, each with all provenances represented.
To ensure the representation of potential sources of variability in the growth of Aleppo
pines, the distribution of blocks, provenances, and seedlings was carefully designed :
blocks were arranged considering the main source of environmental variability  (i.e., the
slope, Figure 19), provenances were distributed randomly within each block  (Figure 20,
Figure 21), and a minimum number of seedlings w as planted by provenance within each
block.

The target planting density was 800 -1000 seedlings per hectare (seedlings separated by
3to 3.5 m), corresponding to 75% of pines and 25% of companion species.  Thus, the final
design includes a total of 336 pines per provenance divided in 8 blocks .

Figure 18. Provenance regions selected: two from local climate (Interior Catalonia, Coastal
Catalonia), two from moderate emissionsscenario (Bardenas-Ribagorca, Interior Levante), two
from severe emissions scenario (Monegros-Ebro valley, Meridional Betica).
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Figure 20. Experimental design with random distribution of the six Aleppo pine provenances
and the seed orchard seedlings Each pointrepresents a seedling (total of 2500 seedlings were
planted).
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4.3.3. Plantation description
In February 2024, two and a half years after the EWE, 2,688 Aleppo pine seedlings were
planted in optimal planting conditions, following the winter frost and the onset of spring
rains. The terrain was prepared 10 days before planting using an excavator with a 60 x 60
x 60 cm bucket to dig the holes, which were spaced 3.5 meters apart . The hole was dug,
and the extracted soil was returned to the hole without turning it, to improve water
retention and facilitate planting.

To prevent mixing of provenances, each seedling was carefully tagged with a colour
corresponding to its provenance. After planting, e ach seedling was georeferenced with a
submet er precision GPS(Figure 20) to facilitate the monitoring of its performance after
planting , as part of another European project

Planting was done manually, and the seedlings were not watered afterwards (Figure 22).

L

Figure 21. Example ofthe planted sdIings within a block. The tapedefines the areas where
different provenances are planted.

Figure 22. Aleppo pine sedling planted.
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