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ABSTRACT

Increases in fire impacts over many regions of the
world have led to large-scale investments in fire-
suppression efforts. There is increasing recognition
that biomass extraction for energy purposes may
become an important forest-management practice
in fire-prone ecosystems. However, at present, very
few studies have explicitly assessed biomass
extraction as a fuel treatment at landscape scale.
Here, we use a landscape fire-succession model in
Catalonia (NE Spain) to quantitatively evaluate the
potential effects of a biomass extraction-based
strategy on essential fire-regime attributes after
considering different levels of fire suppression,
biomass extraction intensity, and spatial allocation
of such efforts. Our simulations indicated that
the effectiveness (area suppressed in relation to
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expected area to burn) at suppressing wildfires was
determined by extraction intensity, spatial alloca-
tion of the extraction effort, and the fire-suppres-
sion levels involved. Indeed, the highest
suppressed-area values were found with lower
harvesting intensities, especially under high fire-
suppression capabilities and strategies focused on
bioenergy goals (figures close to 0.7). However, the
leverage (area suppressed in relation to managed
area) was higher when the treatments were based
on the fire-prevention strategy and focused on
high-fire-risk areas (up to 0.45) than with treat-
ment designed for energy reasons (lower than
0.15). We conclude that biomass extraction for
energy purposes has the potential to induce chan-
ges in fire regimes and can therefore be considered
a cost-effective landscape-level fuel-reduction
treatment. However, our results suggest that large-
scale biomass extraction may be needed if signifi-
cant changes in fire regimes are to be expected.

Key words: fire suppression; forest fires; forest
harvesting; MEDFIRE fire-succession model;
Mediterranean basin; process-based model; renewable
energy; scenarios-based analysis; landscape simula-
tions.


http://orcid.org/0000-0003-1983-936X
http://dx.doi.org/10.1007/s10021-016-9968-z
http://crossmark.crossref.org/dialog/?doi=10.1007/s10021-016-9968-z&amp;domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1007/s10021-016-9968-z&amp;domain=pdf

Biomass Extraction in Fire-Prone Ecosystems 787

INTRODUCTION

Every year in the Mediterranean basin, thousands
of hectares of forest and shrubland are burned by
wildfires, causing major ecological and socioeco-
nomic impacts, and often human casualties (Mor-
eira and others 2011; Keeley and others 2012).
Climate warming, land-use/land-cover changes,
and human actions such as fire-suppression policies
or afforestation programs have reshaped the fre-
quency and severity of wildfires in the Mediter-
ranean Basin over the recent decades (Pifiol and
others 1998; Moreira and others 2011; Brotons and
others 2013). First, the absence of grazing following
a generalized abandonment of traditional livestock
practices has spurred the recovery of vegetation
over large spatial scales (Alcamo and others 1996;
Pausas and others 2008). Furthermore, in some
areas old croplands have been reforested by
extensive pine plantations bringing general in-
creases in forest area (Rounsevell and others 2006;
de Chazal and Rounsevell 2009; Stellmes and oth-
ers 2013). The land abandonment that occurred in
these systems coupled with large-scale reforesta-
tion has led to a build-up of continuous and
homogenous fuel beds that are prone to burn due
to shrub encroachment and forest regeneration.
These new vegetation patterns, coupled with the
continued expansion of the wildland-urban inter-
face, have induced radical changes in fire regimes
in the western Mediterranean region, bringing in-
creased fire risk (Badia and others 2011; Gonzalez-
Olabarria and others 2012).

Fire management has induced changes in fire
regimes over the last decade, reducing both the
numbers of fires and the burned area in Mediter-
ranean region, due to the increasing efficiency in
fire-suppression policies (Turco and others 2013;
Moreno and others 2014; Fréjaville and Curt 2015).
Nevertheless, most of the burned area is caused by
a very small number of fires larger than 1000
hectares (Pinol and others 1998; Diaz-Delgado and
others 2004; Moreira and others 2011). These
undesired large fires are driven by low-fuel mois-
tures and strong winds, and under these extreme
fire weather conditions, the current firefighting
capabilities and capacities are strongly constrained
(Pinol and others 2005). At the landscape-scale,
fire-regime results from a complex interplay of
ignition frequency, climatic seasonality (length of
dry and wet seasons), and fuel structure (Moreira
and others 2011; Keeley and others 2012). From a
fire-management perspective, fuel complex, spatial
distribution, and load are the only variables
affecting fire behavior that can be adequately

managed. This has prompted several authors to
suggest reducing the impact of large fires hinges on
considering different fuel-reduction-related strate-
gies (Stephens and others 2009; Alvarez and others
2012; Mclver and others 2012). Indeed, in
Mediterranean regions, once the ignition occurs,
fuel load and connectivity are more relevant in
driving fire activity than the frequency of climatic
conditions (Pausas and Paula 2012). Prescribed fire
is an attractive fuel-reduction treatment for forest
managers since it is likely to be naturally closer to
the process it is designed to replace than other
possible fire surrogates (McRae and others 2001;
Reiner and others 2009), and more effective at
reducing fire spread than mechanical treatments
alone (Van Wagtendonk 1996; Agee and Skinner
2005). Nevertheless, when fire managers attempt
to implement prescribed burning programs, they
are often constrained by socioeconomic and terri-
torial issues (Stephens and others 2012) that chal-
lenge the controlled burn strategy, especially in
densely populated areas with private property such
as those dominating the western Mediterranean
region (Winter and others 2002; Brunson and
Shindler 2010; Bradstock and others 2012). As a
result, mechanical treatments (such as forest thin-
ning or mastication) are an important part of the
treatment regime as they help to reduce fuels and
overcome the risks and constraints imposed by
prescribed burning (Sturtevant and others 2009;
Mclver and others 2012).

However, not all fuel-reduction surrogates have
the same effect on potential fire behavior (Stephens
1998). Typical fuel-treatment strategy uses silvi-
culture for industrial uses of wood to improve the
stand and, in turn, reduce crown fuels. However,
biomass extraction for energy purposes takes all
harvested (even all fine fuels) material off site
decreasing the amount of surface fuels and reduc-
ing further wildfire hazard and likelihood of crown
fire as well as surface fire. Current bioenergy trends
and thermal-conversion technologies are able to
use wood chips from full trees. In this full-tree
harvesting system, trees are felled and extracted
without being delimbed or topped. This harvesting
system is perceived as better for the creation of fire-
suppression opportunities that can be exploited by
firefighters to reduce the impact of undesired large
fires (Agee and Skinner 2005; Stephens and others
2009). Several studies have already highlighted the
potential of fire suppression to modify fire regimes
(Minnich and Chou 1997; Pifiol and others
2005; Brotons and others 2013; Regos and others
2014).
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Table 1. Description and Equations of the Indices Calculated to Compare Forest Biomass Extraction

Strategies

Indices

Description

Equations

Effectiveness

Leverage

Number of fires

Ratio of the area where fire was effectively suppressed over
the burned area expected with no fire suppression accord-
ing to the historical fire data (1975-1999 period). It is a

measure of the degree to which fire-suppression objectives

are achieved without reference to costs/efforts. For exam-

ple, suppressing completely a fire that is initially expected to

burn 6 hectares (ha) (i.e. effectiveness = 1) represents a

higher effectiveness than suppressing only 3 ha of that fire

(i.e. effectiveness = 0.5)
Ratio of the area where fire was effectively suppressed over

the area treated. Leverage is the idea that a single hectare of
fuel reduction can protect additional hectares (Loehle 2004;
Price and others 2012). For example, in a coniferous forest

of northern Catalonia, the extraction of 3-4 ha of forest

biomass could be required to reduce subsequent wildfire by

1 ha (i.e. leverage = 0.25-0.33), whereas in sclerophyll

forests of south-eastern Catalonia, this ratio could be closer

to 1 (i.e. exact replacement of wildfire by forest biomass

extraction treatment) or even higher if 1 ha of area man-

aged implies 2 ha of area suppressed (i.e. leverage = 2)
Changes in the mean number of fires is calculated from the

difference between the mean number of simulated fires and

the mean number of fires expected to occur according to
historical fire data for each scenario

[Area suppressed (ha)]/[area
potential to be burned (ha)]

[Area suppressed (ha)]/
[area treated (ha)]

[Number of simulated fires]
— [potential number of fires
expected to be burned]

There is increasing recognition that biomass
extraction for energy may become, in addition to
an energy source, a critical forest-management
alternative in fire-prone landscapes if reduction in
the size and severity of wildfires is a policy-relevant
goal, given that the current fire-suppression sys-
tems have reached their limits and are systemati-
cally overwhelmed when faced with extreme fire
weather conditions (Becker and others 2009; Evans
and Finkral 2009; Abbas and others 2011; Verdn
and others 2012). However, to date, no quantita-
tive studies have assessed the effectiveness of bio-
mass extraction for bioenergy as a fuel treatment at
landscape scale. Therefore, there is still no clear
picture of how biomass extraction interacts with
fire-suppression strategies at landscape level and
whether this strategy can be successfully consid-
ered in a decision-making process where the goal is
to mitigate large fires.

The aim of this work is to evaluate, using a dy-
namic landscape fire-succession model, the poten-
tial effects of forest biomass extraction as fuel-
reduction treatment on two central attributes of
fire regime—burned area and number of fires.
Specifically, we assess how (i) different levels of fire
suppression, and (ii) the intensity and (iii) the

spatial allocation of forest biomass extraction could
affect (a) the effectiveness (which, here, refers to
area suppressed in relation to the potential ex-
pected area to be burned) of this fuel-reduction
strategy to mitigate large forest fires; and (b) the
leverage (which, here, refers to area suppressed in
relation to the area managed in which biomass has
been extracted) of each treatment (see wider defi-
nitions in Table 1). This evaluation was conducted
for each bioclimatic subregion identified in the
study area to account for the role of landscape
context and climatic gradients. Finally, we discuss
the advantages and disadvantages of forest bio-
mass-extraction strategies in shaping current fire
regimes in the Mediterranean region, and intro-
duce key socioeconomic and ecological issues that
should be addressed in future research to facilitate
its potential implementation.

MATERIALS AND METHODS
Study Area

The study was conducted on Catalonia, a
Mediterranean region located in the northeastern
Iberian Peninsula (Figure 1A). This region is cur-
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Figure 1. Location of the study area (A), wildfires occurred in the study area between 1989 and 2000 (B), and growing
stock (expressed in m> ha™') (C). Following Vallecillo and others (2009), Catalonia was divided in three bioclimatic
regions: North-West (NW), North-East (NE), and South-Central (SC).

rently extensively covered by forest (39.6%) and
shrubland (16.8%) (CREAF 2009; Ibafiez and
Burriel 2010). Coniferous forests (mainly Pinus
sylvestris, P. halepensis and P. nigra) occupy 58.4% of
the total forested area, the broad-leaved species
(Quercus ilex and Q. suber) represent 28.9% while
mixed forests cover 12.6% (CORINE 2006). The
average slope of Catalan forests is 46.6% (66% of
forests are in areas with less than 30% of average
slope), which must also be taken into account as an
important physical constraint for forest biomass
extraction in some areas. In total, 87% of forest
surface in Catalonia belongs to private owners, and
89.2% of the properties are smaller than 10 ha.
Comparison of the Second and Third National
Forest Inventories of Spain (IFN-2 and IFN-3, Vil-
laescusa and Diaz 1998; Villanueva 2005) reveals
that the forest biomass stands in Catalonia are
growing 2.7 millions m’ y~' (Figure 1C). The an-
nual increment averaged for Catalonia is
3.16 m* ha™' y~'. Moreover, between the IFN-2
and IFN-3, the amount of standing dead trees in-
creased 11-fold. Higher mortality rates were related

to dryness, and growth was reduced with the
increasing dryness and temperature, leading to a
mismatch in the forest turnover. Sustainable forest
biomass extraction could enhance structural
diversity within denser stands reducing the wvul-
nerability of forest to drought events (Vila-Cabrera
and others 2011). According to government data,
average forest-resource exploitation between 2000
and 2010 was 155,000 m’> y~' of firewood and
550,900 m® y~' for industrial use, which gives a
total (705,900 m?®) that comes to just 20% of forest
growth (GENCAT 2014a). Therefore, current for-
est-harvesting levels could be increased fourfold
and idem for the yearly harvested surface.

In Catalonia, wildfires are extensive in pine for-
ests and shrublands, whereas deciduous forest
rarely burn (Figure 1B). Focusing in the 1975-98
period, conifer forest was the land cover most af-
fected by fire (43% of total burned area), followed
by shrubland (31%), broad-leaved forest (7%), and
grassland (3%) (Diaz-Delgado and others 2004).
Catalonia is characterized by a complex topography
that induces major variability in climatic and fire
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weather conditions across the territory. To account
for the role of landscape context and climatic gra-
dients on fire regimes, we adopted the bioclimatic
subregions identified by Vallecillo and others
(2009): North-West (NW), North-East (NE), and
South-Central (SC) (Figure 1B). SC subregion is
characterized by stronger fire impacts due to war-
mer Mediterranean and continental climates than
NE subregion with a stronger wind impact. Areas
below 1000 m asl and with slopes steeper than
20% are most prone to burn. From a climatic
viewpoint, fires are more prone to occur in locali-
ties with the highest solar radiation levels, med-
ium-rank mean annual precipitation and mean
annual temperatures in the range 11-15°C (Diaz-
Delgado and others 2004).

The MEDFIRE Model

MEDFIRE is a dynamic landscape model designed to
mimic the main ecosystem processes in Mediter-
ranean landscapes (Brotons and others 2013; De
Caceres and others 2013; Regos and others 2014).
The main purpose of the model is to examine the
spatial interactions between wildfires, vegetation
dynamics, and biomass extraction over short- and
medium-term timescales through quantitative
evaluation of the effects on landscape composition
and fire regime (Brotons and others 2013). The
model assumes that the main driver of fire regime is
climate, but it can be modulated by fire-suppression
and forest-management strategies (see Appendix S1
for a more detailed description of the model). Cali-
bration and validation exercises carried out for dif-
ferent time windows under different climates and
fire-suppression scenarios showed that the model
was able to reproduce the fire regime for Catalonia
(Brotons and others 2013).

The state variables that MEDFIRE uses to de-
scribe landscape context and conditions are spa-
tially explicit variables in raster format at 100-m
resolution. Land-cover type and time since the last
disturbance, either natural (fire) or human-caused
(biomass extraction), are dynamic variables. Other
static variables that complete landscape character-
ization for the considered processes are elevation,
aspect, slope, distance to roads, fire risk, main wind
direction, solar radiation, and annual precipitation
(more details in Brotons and others 2013).

Biomass extraction in the MEDFIRE model is
applied as an annual target area to be managed
(hay™'). We assume a constant annual biomass
extraction rate (equals to the inter-annual incre-
ment, expressed in m’> ha~' y™'), so the annual
target area to manage only depends on a predeter-

mined harvesting intensity (m> ha™') and the total
area available for biomass extraction (ha) (see more
details in Table 2; Appendix S1). To achieve the
annual target area to manage, treated patches are
placed over the landscape according to a biomass
extraction probability accounting for harvesting
constrains (for example, slope, species, and distance
to roads) (Perpifid and others 2009; Abbas and
others 2011; Wendland and others 2011; Levers and
others 2014). Biomass extraction is not allowed in
restricted areas and is limited to zones not recently
burned nor managed (as post-fire management is
not included in the scope of this research). The final
size of a managed patch is then selected from a
predetermined normal distribution bounded by
minimum and maximum patch sizes according to
the data from the regional government for the
2000-2010 period (GENCAT 2014a). The shape of
managed patches directly derives from a process of
random growth from an initial extraction point to
any of the eight neighbors and further spread
according to harvesting constrains until the target
area is reached (further details in Appendix S1).
Forest-harvesting intensity is implemented in the
model through a simplified two level categorization:
(1) high-intensity level (69.5 m> ha™') and (2) low-
intensity level (34.7 m’> ha™') (Table 2; Appendix
S2). The high-intensity level corresponds to treat-
ments wherein all available biomass yearly (crown
fuels, dead, and live) in an area is harvested, while
the low-intensity level corresponds to an amount of
biomass harvested half of the high-intensity treat-
ment. The low-intensity harvesting level requires
therefore, double the area of the harvested area per
year to achieve the same stand of biomass and the
period of time between harvests is half of the time
than when applying a high-intensity level.

Fire disturbance is modeled using a mixed top-
down, bottom-up approach. For each time-step
(1 year), fires are simulated until the potential
annual area to be burned is reached. Potential an-
nual area refers to the area that is expected to burn
according to historical fire data (1975-1999 peri-
od). The model also mimics the ability of fire-
fighters to take advantage of opportunities in areas
where forest biomass has been reduced (that is,
fires or biomass extraction treatments). The fire-
suppression opportunities derived from these fuel-
reduction processes are therefore able to constrain
final fire sizes, making fire-size distribution an
emergent property of the model (Brotons and
others 2013; Regos and others 2014). Opportunities
are defined as instances in which fire brigades can
control and extinguish a given fire. Specifically,
MEDFIRE allows fire suppression whenever the
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Table 2. Description of the Variables, Labels, and Values Used in the MEDFIRE Scenarios Characterization

Variable Value Label Description
Biomass extraction rate 3.16 m*>ha™' y™! Sustainable extraction rate, equal to the average an-
nual increment derived from the comparison be-
tween IFN2 (1986-1996) and IEN3 (1997-2008)
Intensity of extraction 69.5 m’> ha™’ High-Int High-intensity extraction was estimated from the
available forest biomass feedstock per year
(2,714,100 m> y '), considering a rotation period of
22 years and a technically available surface
(859.000 ha) (more details in Appendix S2)
34.7 m’> ha™! Low-Int Low-intensity extraction is half of the high-intensity
treatment
Area for biomass extraction 859,000 ha Renew Optimal area for biomass extraction fitted that slope is
<30% and distance to roads is <400 m, whereas
protected areas are also excluded
1,385,000 ha RenewSub Additional biomass extraction in suboptimal areas:
slope >30% and distance to roads >400 m,
including protected areas
245,000 ha FireP Optimal areas where fire risk is high
Target area to be managed 39,043 ha y™' High-Int + Opt Target areas to manage (hectares/year) were calcu-
78,086 ha y! Low-Int + Opt lated according to the equation: ([Area for
11,105 ha y! High-Int + FireRisk biomass extraction (ha)] * [biomass extraction
22,211 hay™"  Low-Int + FireRisk  rate (m®> ha~' y™")])/[intensity (m>/year)] (see
62,849 hay™'  High-Int + SubOpt  more details in Appendix S1)
125,698 hay ! Low-Int + SubOpt
Fire suppression 90% High-FS A wide range of fire-suppression effectiveness levels
40% Medium-FS were considered to deal with the uncertainty in the
10% Low-FS relation between biomass extraction and fire-sup-

pression opportunities as well as the possible vari-
ability related with firefighting skills and the
amount of funding or resources invested in fire
suppression

ha = hectares; IFN = National Forest Inventory; High-Int = high-intensity; Low-Int = low-intensity; Renew = biomass extraction in optimal areas; RenewSub = also in

suboptimal areas; FireP = in areas at high-fire risk; FS = Fire suppression.

time since last extraction at the cell level is below a
prespecified threshold (expressed in years). The
implementation of the mechanical extraction of
biomass for bioenergy purposes in our model im-
plies that all fine fuels (branches and shrubs) are
also removed thereby significantly reducing fuel
load in a given area (as illustrated in Figure 2A, B;
Appendix S2). This treatment effectively redis-
tributes fire-suppression opportunities at the land-
scape level by altering fire behavior in two different
ways: changing fire-spreading rates and reducing
the likelihood of crowning behavior (Agee and
Skinner 2005; Reinhardt and others 2008; Co-
chrane and others 2012). In particular, the poten-
tial for crown fires is expected to decrease in low-
density stands due to the lower canopy bulk den-
sity (Figure 2B) (Stephens 1998; Graham and
others 1999; Alvarez and others 2012), but this
treatment also creates firefighting opportunities

because the control of understory shrubs can de-
crease surface fire intensity (Castedo-Dorado and
others 2012). Although the magnitude of this effect
should be estimated at stand-level, spatial attribu-
tion at landscape level of suppressing fires at any
treated location due to fuel-reduction treatments
can only be dealt with probabilistically. To our
knowledge, there still is a lack of quantitative
assessments of how forests managed for biomass
extraction decrease fire risks through changes in
fire spread that allow firefighters to stop the fire
(Alvarez and others 2012; Castedo-Dorado and
others 2012). We therefore considered a wide
range of fire-suppression effectiveness to deal with
the uncertainty in the relationship between bio-
mass extraction and fire-suppression opportunities
(see scenario section). Fire-suppression effective-
ness was implemented in the model as a probability
that firefighters effectively use an opportunity de-
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Figure 2. Typical appearance of an area dominated by Pinus halepensis before extracting (A) and after extracting (B)

biomass.

rived from a management action (that is, biomass
extraction) and therefore, effectively constrain
further spread of the fire from that location.
Previous studies determined that a period of
30 years is required for the canopy to close in
Mediterranean forests after disturbance (Espelta
and others 1995; Broncano and others 2005). Al-
though in high-intensity treatment all annually
available biomass in an area is harvested, we finally
assumed, to be conservative, a shorter period (15-
year, corresponding to 2/3 of the rotation period
between harvests) as the time window of the
opportunity to affect fire behavior. Low-intensity
harvesting levels imply half of the amount of har-
vested material per hectare, so we assumed the
time window for using harvested areas as fire-
fighting opportunities will be half of the time when
applying a high-intensity level (7-years period).

Scenario Design
Scenario Storylines

Forest biomass extraction scenarios were built from
three main storylines accounting for likely general
strategies in large-scale forest planning. These three
storylines were:

(1) Renewable energy—no subsidies (Renew): biomass
extraction treatment costs and their spatial
patterns are strongly influenced by factors such
as site conditions, harvesting methods, distance
to target area to manage, productivity of the
machinery, number of machines, biomass pro-
duction per hectare, and the operator’s skill,
among others (Perpifia and others 2009; Abbas
and others 2011; Wendland and others 2011;

Levers and others 2014). To take into account
these logistic and economic constraints, we de-
signed a set of scenarios characterized by forest
harvesting in optimal areas (that is, favorable
site conditions avoiding steep slopes and with
small extraction distances) thereby assuming a
cost-effective forestry biomass harvesting.

Renewable energy—subsidies (RenewSub): from an
energetic viewpoint, the expected future in-
crease of petrol and fossil fuel prices can
potentially stimulate harvesting of forest bio-
mass for bioenergy. On these lines, in
September 2009 the European Parliament ap-
proved its directive 2009/28/EC on the pro-
motion of the use of energy from renewable
sources. This EU directive establishes the gen-
eral potential of a 20% share of energy from
renewable sources in gross final consumption
of energy in the EU. In Spain, as member state,
different support mechanisms will be applied at
national level in order to guarantee that the EU
directive becomes fully functional (MINECO
2013). Consequently, energy forecasts for 2020
are to increase the contribution of energy from
biomass. By 2015, 12 million m” of forest bio-
mass must be assigned to power genera-
tion—6.4 million to be used directly (from
forests and wooded areas) and the remaining
5.6 million to be used after an industrial pro-
cess. In fact, Catalonia has recently approved a
forest-harvesting strategy pegged to specific
targets for biomass-derived energy (GENCAT
2014b). To achieve a 20% share of energy from
renewable sources as established by European,
National, and Regional standards, we envis-
aged another set of scenarios based on an
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Table 3. List of MEDFIRE Scenarios Describing Parameters Used to Reproduce Fire Suppression and Bio-

mass Extraction

ID Target area to manage (ha y™') Intensity of extraction (m> ha™!) Area for biomass extraction Fire suppression

1 39,043 High-Int
2 39,043 High-Int
3 39,043 High-Int
4 78,086 Low-Int
5 78,086 Low-Int
6 78,086 Low-Int
7 62,849 High-Int
8 62,849 High-Int
9 62,849 High-Int
10 125,698 Low-Int
11 125,698 Low-Int
12 125,698 Low-Int
13 11,105 High-Int
14 11,105 High-Int
15 11,105 High-Int
16 22,211 Low-Int
17 22,211 Low-Int
18 22,211 Low-Int

Renew 920
Renew 40
Renew 10
Renew 90
Renew 40
Renew 10
RenewSub 90
RenewSub 40
RenewSub 10
RenewSub 90
RenewSub 40
RenewSub 10
FireP 920
FireP 40
FireP 10
FireP 920
FireP 40
FireP 10

High-Int = high-intensity; Low-Int = low-intensity; Renew = biomass extraction in optimal areas; RenewSub = also in suboptimal areas; FireP = in areas at high-fire risk.

additional forest biomass extraction also from
suboptimal areas but financially subsidized by
the government.

(3) Fire Prevention (FireP): when the implementa-
tion of fuel treatments at landscape scale is
financially limited, land managers will often
prioritize fuel treatments in areas of higher fire
risk. To address these issues and test the effec-
tiveness of this strategy from a prevention
viewpoint, we defined an additional set of
scenarios in which biomass extraction was
exclusively applied to areas showing the high-
est fire risk.

Scenario Implementation

We designed and implemented 18 forest biomass
extraction scenarios by combining different target
areas to manage and three levels of fire-suppression
effectiveness under the three storylines defined
above (Tables 2, 3). The target area to be managed
depends on intensity of extraction and on variability
in the spatial constraints affecting the final area for
biomass extraction (Table 2). All scenarios were
characterized by a biomass extraction rate equal to
the annual increment averaged for Catalonia
(3.16 m*> ha™ ! y!), thereby assuming sustainable
extraction of the resource (details in Appendix S2).
One hundred replicates of each scenario were sim-
ulated for a 50-year period (2000-2050).

The eighteen scenarios resulted from the com-
bination of different values for the three scenario
parameters (Tables 2 and 3):

— Three levels of fire suppression covering a wide
range of effectiveness were considered to deal
with the uncertainty in the relationship between
biomass extraction and fire-suppression oppor-
tunities as well as possible variability related to
firefighting skills and amount of funding or
resources invested in fire suppression: (1) high
fire-suppression effectiveness (according to this
level of fire suppression, corresponding to a high
capacity to control and extinguish a given fire, a
fire simulated by the model will be suppressed in
90% of opportunities effectively leading to fire
constrained); (2) medium fire-suppression effec-
tiveness (40% of opportunities), and (3) low fire-
suppression effectiveness (10% of opportunities).

— Three treatments dealing with the biomass
extraction allocation were designed, each deter-
mining where harvesting activities are restricted
according to storyline (Figure 3). In the Renew
storyline, extraction took place in areas where
slope was less than 30% and distance to roads
was less than 400 m, and was excluded in
protected areas like national and natural parks
(total extent of about 859,000 ha) (Figure 3A).
In the RenewSub storyline, we relaxed the
biomass extraction constraints to also allow
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Figure 3. Areas where biomass extraction takes place according to the three storylines: optimal area fitting that slope is
less than 30% and distance to roads is less than 400 m, whereas protected areas are also excluded (A). Suboptimal areas
(areas with slope greater than 30% and distance to roads greater than 400 m, and within protected areas) are not excluded

(B). Optimal areas where fire risk is high (C).

actions in areas with slope above 30, distance to
roads greater than 400 m, and within protected
areas (total extent of about 1,385,000 ha) (Fig-
ure 3B). In the FireP storyline, biomass extrac-
tion is limited exclusively to high-fire-risk areas
(total extent of 244,800 ha) (Figure 3C).

— Two extraction intensities were considered, as this
is a factor that determines the amount of har-
vestable target area every year and defines the
available opportunities for fire suppression. In the
high-intensity treatment High-Int (69.5 m> ha™'),
extractions were implemented with long rotation
periods (22 years) and over a small overall yearly
area. In contrast, the low-intensity treatment Low-
Int (34.7 m” ha™') involved shorter rotation peri-
ods and a larger area. Therefore, under the Renew
storylines, and considering a sustainable biomass
extraction rate (3.16 m> ha™! y '), we needed to
manage 39,043 ha every year (annual target area
to manage) with high-intensity extraction,
whereas for low-intensity treatments 78,086
ha y~! were required to achieve the same amount
of biomass. For scenarios from the RenewSub
storyline, the area to manage yearly increased to
62,849 ha with high-intensity extraction and to
125,698 ha with low-intensity extraction. Finally,
for scenarios derived from the FireP storyline, the
yearly area to manage was 11,105 ha under high-
intensity extraction and reached 22,211 ha under
the low-intensity extraction.

Evaluation of Simulation Results

The effectiveness of forest biomass extraction as a
fuel-reduction strategy to suppress wildfires was

assessed by comparing the percentage of suppressed
area derived from the biomass extraction opportu-
nities (hereafter referred to as suppressed area) to
the potential area to be burned obtained if each fire
would have burned without fire-suppression effort.
To evaluate which treatment was more efficient at
reducing wildfires, we also calculated suppressed
area in relation to managed area for each scenario
(hereafter refers as leverage) (Table 1). Both in-
dices were calculated for the whole set of the sim-
ulated fires and for three fire-size classes: large fires
(>500 ha), medium fires (500-100 ha), and small
fires (<100 ha), and for each bioclimatic subregion
identified in the study area: North-West (NW),
North-East (NE), and South-Central (SC) (Fig-
ure 1B). In addition, we also analyzed how the
different treatments affect fire-size distribution. To
do so, we predicted the mean numbers of large
fires, medium fires, and small fires for each sce-
nario. The increase or decrease in the number of
fires was estimated from the difference between the
mean number of simulated fires for each class
(2000-2050 period) and the mean number of fires
expected to occur according to historical fire data
(1975-1999 period, without forest biomass extrac-
tion).

The effects of the spatial allocation, intensity of
extraction, and fire-suppression level were esti-
mated for each index (effectiveness, leverage, and
number of fires) using generalized linear models
(GLMs) with a Gaussian error distribution and
‘identity’ link function (McCullagh and Nelder
1989). The effects were considered as significant at
P < 0.05. R-based packages were used to fit the
GLMs, to analyze MEDFIRE outputs (packages
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Figure 4. Effectiveness (area suppressed in relation to the potential area to be burned) and leverage (area suppressed in
relation to the area managed) for each biomass extraction scenario under the three storylines: (Renew) biomass extraction
takes in optimal areas, (RenewSub) suboptimal areas, and (FireP) optimal areas where fire risk is high. Results are
presented for the whole set of the simulated fires and for three fire-size classes: large fires (LF), medium fires (MF), and
small fires (SF). Scenarios characterized by high (High-FS), moderate (Medium-FS), and low fire suppressions (Low-FS), are
represented in dark gray, light gray and white box-plots, respectively. Black-outline boxes represent high-intensity biomass
extraction scenarios (High-Int) whereas light gray-outline boxes refer to low-intensity treatments (Low-Int). For all boxplots,
lower and upper whiskers encompass the 95% interval, lower and upper hinges indicate the first and third quartiles, and the

central black line indicates the median value.

‘stats” and ‘medfire’, version 3.0.2), and to plot the
results (package ‘ggplot2’) (R Core Team 2014).

REsuLTS

The reduction in area burned by wildfires de-
pended on fire-suppression levels, intensity, and
spatial placement of the biomass extraction (Fig-
ure 4). The reduction in area burned by large fires
due to opportunities derived from biomass extrac-
tion was higher than by medium or small fires
(compare all scenarios for each fire-size class in
Figure 4). Moreover, leverage was clearly higher
for the biomass extraction scenarios that aimed to
reduce fuel accumulation in high-risk areas (Fig-
ure 4), especially in North-West (NW) and South-
Central (SC) subregions (comparison across all
scenarios for each subregion in Figure 5). Our
simulations also showed that the numbers of large

and medium fires strongly decrease, whereas the
number of small fires is predicted to increase with
biomass-extraction treatments (Figure 6).

Effects of Fire-Suppression Levels

Fire-suppression levels considered for each scenario
had a major impact on the effectiveness of biomass
extraction at suppressing wildfires (P < 0.001).
Indeed, the median effectiveness under low fire-
suppression levels ranged between 0.04 and 0.07
(see scenarios with white box-plots in Figures 4, 5).
Under moderate fire-suppression levels, median
effectiveness increased up to 0.18-0.28 (see sce-
narios with light gray box-plots in Figures 4, 5),
whereas in scenarios with high fire-suppression le-
vels, median effectiveness achieved values close to
0.7 (see scenarios with dark gray box-plots in Fig-
ures 4, 5). The number of large fires was predicted
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Figure 5. Effectiveness (area suppressed in relation to the potential area to be burned) and leverage (area suppressed in
relation to the area managed) for each biomass extraction scenario under the three storylines: (Renew) biomass extraction
takes in optimal areas, (RenewSub) suboptimal areas, and (FireP) optimal areas where fire risk is high. Results are
presented for the whole study area (ALL) and for the three bioclimatic subregions: North-East (NE), North-West (NW),
and South-Central (SC). Box-plot characteristics are as in Figure 4.

to decrease stronger with high than with low fire-
suppression levels (P < 0.001) (Figure 6).

Effects of Spatial Placement of Biomass
Extraction

The scenarios from the Renew storyline, in which
biomass extraction took place in optimal areas,
showed median effectiveness values of about 0.5—
0.61 (scenarios 1 and 4, respectively, in Figures 4, 5).

Looking at the RemewSub storyline, where bio-
mass extraction included suboptimal areas, the
effectiveness reached up to 0.7 (scenarios 7 and 10
in Figures 4, 5). Nevertheless, it should be noted
that these scenarios also involve a much higher
extent to be managed than scenarios with more
restrictive spatial constrains. When the spatial
allocation of biomass extraction was restricted to
high-fire-risk areas, that is, scenarios from the FireP
storyline, the effectiveness was considerably less, at
about 0.42-0.47 (scenarios 13 and 16, respectively,
in Figures 4, 5). However, considering the area to
be managed, the results suggested that the most

efficient treatments were those where biomass
extraction was implemented on high-risk areas
(P < 0.01), especially at suppressing large fires in
North-West (NW) and South-Central (SC) subre-
gions (compare scenarios from the FireP storyline
with those from the Renew storylines in Figures 4,
5). The number of large fires was predicted to be
smaller under those treatments aimed at obtaining
the maximum revenues from biomass extraction
(RenewSub storyline in Figure 6).

Effects of Intensity of Biomass Extraction

In general, scenarios with low-intensity extraction
(34.7 m> ha™ ') showed slightly higher effective-
ness values than those characterized by high-in-
tensity  extraction  (69.5 m’ ha™')  (compare
scenarios tagged High-Int and Low-Int in Figures 4,
5), except for scenarios under the RenewSub story-
line which showed similar figures (see scenarios 7—
12 in Figures 4, 5). Thereby, in the scenarios de-
rived from the Renew storyline, the suppressed area
slightly increased from 0.04-0.5 in scenarios with
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Figure 6. Changes in the mean numbers of fires (difference between the mean number of simulated fires and the mean
number of fires expected to occur according to historical fire data) for each biomass extraction scenario under the three
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in dark gray, light gray, and white, respectively. Dots represent high-intensity biomass extraction scenarios (High-Int),

whereas triangles refer to low-intensity treatments (Low-Int).

high-intensity extraction (scenarios 1-3 in Fig-
ures 4, 5) to 0.05-0.61 in scenarios with low-in-
tensity extraction (scenarios 4-6 in Figures 4, 5).

For scenarios from the RenewSub storyline in
which the area to be managed is considerably
higher than that in the Renew storyline, extraction
intensity did not have any effect on suppressed area
(P = 0.285; see scenarios 7-12 in Figures 4, 5).

Finally, for scenarios derived from the FireP sto-
ryline with high-intensity treatments (scenarios 13—
15 in Figures 4, 5), the suppressed area was 0.04—
0.42 whereas under lower-intensity treatments
suppressed area was 0.04-0.47 (scenarios 16-18 in
Figures 4, 5). Therefore, in this case, although sup-
pressed area increased by 0.05 under high fire-sup-
pression levels, it remained unchanged under lower
fire-suppression levels.

DiscussioN

Our findings suggest that biomass extraction has
the potential to substantially contribute to reshape
fire regime towards a more desirable scenario by
decreasing the number of large fires and, in turn,
the amount of burned area. Nonetheless, the effec-
tiveness of this fuel-reduction strategy is strongly
determined by the spatial allocation of the extrac-
tion and how firefighters can use the opportunities
created by biomass extraction as fire-suppression
strategy and, to a lesser extent, by the intensity of

extraction. Moreover, the leverage of this forest
management at suppressing wildfires is clearly re-
lated to the objectives for which the treatment is
designed.

Potential Effects of Fire Suppression on
Biomass Extraction-Based Fuel-
Reduction Strategies

Recent studies advocate the interpretation of fire
regime as a dynamic process strongly influenced by
changes in landscape, climate, and socioeconomic
factors (James and others 2010; Moreira and others
2011; Keeley and others 2012; Brotons and others
2013). In the Mediterranean region, fire suppres-
sion plays a key role in these dynamic processes, to
the point that the current fire regime cannot be
explained without factoring in the effects of fire
exclusion (Pifiol and others 2005, 2007; Brotons
and others 2013). In this sense, our results are in
agreement with these previous studies, highlight-
ing the key role played by fire suppression in
modulating fire regime. Specifically, our results
suggest that the effectiveness of forest biomass
extraction for bioenergy as a fuel-reduction strat-
egy designed to reduce the impact of wildfires is
strongly dependent on fire-suppression invest-
ments and capabilities, and on the relationship
between biomass harvesting and the creation of
fire-suppression opportunities (Figure 4). To our
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knowledge, there still is a lack of quantitative
assessments of how forests managed for biomass
extraction decrease fire risks through changes in
fire spread that allow firefighters to stop the fire.
We therefore encourage the development of new
studies at finer scales to clarify this linkage. Despite
this uncertainty, and even considering moderate-
fire-suppression scenarios (see scenarios with light
gray box-plots in Figure 4), our findings clearly
support the view that biomass extraction for
bioenergy can be considered by policymakers as a
viable strategy to reduce large fires. This forest-
harvesting practice should therefore be taken into
account in future fire-suppression plans in addition
to conventional fuel-reduction treatments such as
prescribed burning, mastication, timber harvesting,
or the alternative ‘let-burn’ strategies to effectively
reduce the impacts of large fires (Fernandes and
Botelho 2003; Agee and Skinner 2005; Houtman
and others 2013; Regos and others 2014).

Effects of Spatial Allocation of Forest
Harvesting on Biomass Extraction-Based
Fuel-Reduction Strategies

Despite a number of studies, the crucial issue of the
best placement of fuel-reduction treatments on the
landscape remains a largely unanswered question
(Finney and others 2007; Parisien and others
2007). Our findings shed more light on this par-
ticularly important question. When forest biomass
extraction takes place in optimal areas for har-
vesting activities, biomass extraction provides large
fire-suppression opportunities (suppressing 50-
61% of the potential area to be burned) to reduce
the impact of wildfires (see scenarios included in
the Renmew storyline). According to our results,
strategies aimed at obtaining maximum revenues
from biomass extraction suppressed a larger area
than strategies based on prevention and focused on
high-fire-risk areas (compare Renew storyline and
FireP storyline scenarios in Figure 4). Nonetheless,
taking into account the total area managed in each
treatment, we can conclude that an extraction of
forest biomass in areas at higher probability of fire
occurrence is a more efficient allocation strategy for
avoiding large wildfires (Figure 4), especially in
North-West (NW) and South-Central (SC) subre-
gions where a stronger fire impact is expected due
to warmer Mediterranean and continental climates
(Figure 5). Finally, according to our simulation
outcomes, the scenarios wherein biomass extrac-
tion for energy use also exploits suboptimal areas
achieved the highest suppressed area, at values
close to 0.7 under high fire-suppression levels

(scenarios included in the RemewSub storyline in
Figure 4B). Nonetheless, achieving such suppres-
sion values hinges on being able to manage 4-9%
of the whole forest area every year. This would
imply huge investments in forest biomass extrac-
tion, especially in the suboptimal areas where its
implementation would be very costly as unsuitably
placed.

Therefore, our findings reveal that the leverage of
this forest-harvesting strategy at suppressing wild-
fires depends on the allocation of extraction (clearly
related to the objectives for which the treatment is
designed), while the amount of suppressed area (that
is, effectiveness) depends more strongly on the ex-
tent of area to be treated. This conclusion is line with
previous studies highlighting that a high proportion
of the landscape (>30%) should be managed to
achieve a substantial reduction under the fire-prop-
agation conditions, and that treatments aimed to
create fire-resistant landscapes are less efficient if
they are randomly applied (Finney 2003; Parisien
and others 2007; Bradstock and others 2012).

Effects of Forest-Harvesting Intensity on
Biomass Extraction-Based Fuel-
Reduction Strategies

When trees of intermediate size are mechanically
cut but all harvested material is taken off site, as is
commonly proposed with biomass extraction for
energy purposes, the original surface fuel loads de-
crease, and further wildfire hazard and the likeli-
hood of crown and surface fire can be reduced
(Stephens 1998; Evans and Finkral 2009). Taking
these issues into consideration, harvesting actions
for energy could be a well-adapted fuel-reduction
strategy for creating fire-resistant stands in Catalo-
nia, because it implies keeping only a few big trees
and removing all harvested material to reduce sur-
face fuels, increasing height to live crown, and
decreasing crown density (Figure 2). However,
according to our results, the effectiveness of forest
biomass extraction at reducing wildfires also de-
pends on extraction intensity. Indeed, the sup-
pressed area is slightly higher with lower harvesting
intensities, especially under high fire-suppression
capabilities (see scenarios 1 and 4 in Figure 4) and
strategies designed to prevent large fires (see sce-
narios 13 and 16 in Figure 4). This could be ex-
plained by the fact that high intensities, which are
more profitable for the forest contractor, are exe-
cuted with long rotation periods and in a smaller
overall yearly area, whereas low felling intensities
have shorter rotation periods and the yearly treated
area is larger. Therefore, large managed areas in-
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crease the effectiveness of the biomass extraction at
suppressing wildfires, despite the reduction in fire-
suppression opportunities caused by higher amount
of remaining fuels (and stand flammability) after
low-intensity extractions. However, the leverage of
this strategy is higher with high felling intensities as
the area treated is considerably smaller than in low-
intensity treatments (Figure 5).

Socioeconomic and Ecological
Considerations: Scope for Further
Research

Applying biomass extraction practices at large spa-
tial extent introduces multiple socioeconomic and
ecological challenges, as well as likely tradeoffs
with other ecosystem services. From a socioeco-
nomic perspective, enhancing biomass use as a way
to reduce wildfire effects hinges on first weighing
up the costs and benefits of different investment
options. Recent studies have highlighted that the
benefits that can be obtained from reducing the
impact of crown fires by applying large-scale fuel-
reduction treatments as well as the negative effects
of large wildfires are currently underestimated
(Mason and others 2006). In fact, the cost of fire-
fighting should be considered as a consequence of
not investing in reducing fuel loads. At the same
time, the inclusion of the market value of ecosys-
tem services preserved by fuel-reduction activities
has been recently endorsed as a policy option to
stimulate biomass utilization (Nechodom and oth-
ers 2008). In addition, biomass extraction brings
socioeconomic benefits tied to its use as energy,
thereby further encouraging its utilization. There-
fore, we suggest that cost/benefit analysis broad-
ened to include market and nonmarket
considerations should be incorporated into any
decision-making process aimed at mitigating the
devastating impact of forest fires.

From an ecological viewpoint some considerations
should be taken into account before its implemen-
tation. Extracting biomass vulnerable to fires can be
an ecological and socioeconomic opportunity to re-
duce the risk of greenhouse gas generation from
wildfire (Veron and others 2012). However, the
replacement of in situ biomass burning with har-
vesting, removal, and ex situ combustion could alter
the nutrient cycles and lead to net nutrient losses
and deterioration of soil fertility (Ouro and others
2001). Besides, changes in forest structure, compo-
sition, and dynamics inevitably lead to changes in
the biodiversity of forest-dwelling species (Paillet
and others 2010). Although forest specialists are
expected to benefit from a reduction in the impacts

of wildfires in forested areas, open-habitat dwelling
species can be negatively affected by applying such a
strategy at large scales (De Caceres and others 2013;
Regos and others 2015, 2016). Taking into account
some of the considerations mentioned above, we
stress the need for a comprehensive evaluation of
socioeconomic and ecological impacts potentially
induced by a large-scale development of this forest-
management policy.

In addition, some limitations of the MEDFIRE
model, inherent to any spatial modeling exercise,
must be taken into account to avoid wrong deci-
sions based on misunderstanding conclusions. The
reduction of tree density generates a crown fuel
extraction, reducing crown fire hazard and
increasing the fire-suppression opportunities (Cas-
tedo-Dorado and others 2012). However, an
opening of canopy could also generate the increase
of understory shrub cover, changing a low-flam-
mable forest fuel model into a very flammable in
few years. This highlights the need of combining
biomass harvesting with other fuel-reduction
treatments aimed at reducing surface fuels (for
example, mastication or prescribed burning) to
manage fire more effectively (Reiner and others
2009). The static state of some variables into the
MEDFIRE such as fire risk or ignition probability is
another important challenge to address in future
versions of the model, especially in the current
context of ecological perturbations (wildfires and
biomass extraction) and climatic change. Besides,
although two types of forest-harvesting intensity
have been considered, the MEDFIRE model is not
currently designed to deal with differences between
even- and uneven-age stands, or with the presence
of mixed forest. The type of forest and the way to
plan the treatments could strongly modify the fire-
suppression effectiveness and fire risk. These eco-
logical issues are not implemented in the MEDFIRE
as they are beyond the scope of the present re-
search and represent challenges to be addressed in
the near future.

CoNcLUDING REMARKS

In face of global change, and given the important
role of anthropogenic disturbances in influencing
fire regime, studies should take into account the
interacting effects of the main driving forces to
adequately assess potential strategies to mitigate
the impact of wildfires. Fire regime is a dynamic
process strongly influenced by changes in land-
scape, climate, and socioeconomic factors. The
spatial interactions between wildfires, vegetation
dynamics, and human actions (in our case, fire-
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suppression policies and forest biomass extraction
for bioenergy) should therefore be addressed over
short- and medium-term timescales through the
regional narrative storyline and simulation ap-
proach. For this purpose, qualitative storylines
accounting for likely general strategies in regional-
scale forest planning were defined and translated
into quantitative forest biomass extraction scenar-
ios using landscape fire-succession model simula-
tions. Given the persistent uncertainty due to a lack
of quantitative assessments of how forests managed
for biomass extraction decrease fire risks through
changes in fire spread that allow firefighters to stop
the fire, we encourage the development of new
studies at finer scales to clarify this linkage. To deal
with this uncertainty, we assessed the effect of a
wide range of fire-suppression policies. Our find-
ings clearly support the view that biomass extrac-
tion for bioenergy can be considered by policy
makers as a viable strategy to reduce large fires. We
also addressed the effect of spatial allocation of
biomass extraction considering three plausible and
simplified descriptions of how the future may de-
velop based on a coherent and internally consistent
set of assumptions on the key driving forces of
forest harvesting and its relationships with possible
socioeconomic and energy policies. In light of our
results, a large fraction of the landscape should be
effectively managed to achieve an appreciable
reduction of area burned; however, the leverage of
this forest-harvesting effort in suppressing wildfires
depends on the allocation of extraction (clearly
related to the objectives for which the treatment is
designed). Our results also suggested that harvest-
ing for energy could be a well-adapted fuel-reduc-
tion strategy for creating fire-resistant stands in
Mediterranean regions, but the effectiveness of this
strategy at reducing wildfires also depends on
intensity of extraction and fire-suppression effec-
tiveness. This valuable information for forest and
fire managers will be a keystone for the optimiza-
tion of this fuel-reduction strategy and its success-
ful implementation in future firefighting programs
forced to deal with global change. Finally, we
suggest that cost/benefit analysis broadened to in-
clude market and nonmarket considerations should
be incorporated into any decision-making process
aimed at mitigating the devastating impact of forest
fires in order to facilitate its potential for imple-
mentation. These recommendations are not re-
stricted to our study region but could extend to
multiple spatial, temporal, and sociopolitical scales,
since this fuel-reduction strategy presents strong
synergies with social- and energy-based policies,

helping to bridge the gaps between forest policies,
fire-management and renewable energy strategies.
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