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a b s t r a c t

Wildfire spread and behavior can be limited by fuel treatments, even if their effects can vary according to
a number of factors including type, intensity, extension, and spatial arrangement. In this work, we
simulated the response of key wildfire exposure metrics to variations in the percentage of treated area,
treatment unit size, and spatial arrangement of fuel treatments under different wind intensities. The
study was carried out in a fire-prone 625 km2 agro-pastoral area mostly covered by herbaceous fuels, and
located in Northern Sardinia, Italy. We constrained the selection of fuel treatment units to areas covered
by specific herbaceous land use classes and low terrain slope (<10%). We treated 2%, 5% and 8% of the
landscape area, and identified priority sites to locate the fuel treatment units for all treatment alterna-
tives. The fuel treatment alternatives were designed create diverse mosaics of disconnected treatment
units with different sizes (0.5e10 ha, LOW strategy; 10e25 ha, MED strategy; 25e50 ha, LAR strategy); in
addition, treatment units in a 100-m buffer around the road network (ROAD strategy) were tested. We
assessed pre- and post-treatment wildfire behavior by the Minimum Travel Time (MTT) fire spread al-
gorithm. The simulations replicated a set of southwestern wind speed scenarios (16, 24 and 32 km h�1)
and the driest fuel moisture conditions observed in the study area. Our results showed that fuel treat-
ments implemented near the existing road network were significantly more efficient than the other
alternatives, and this difference was amplified at the highest wind speed. Moreover, the largest treat-
ment unit sizes were the most effective in containing wildfire growth. As expected, increasing the
percentage of the landscape treated and reducing wind speed lowered fire exposure profiles for all fuel
treatment alternatives, and this was observed at both the landscape scale and for highly valued re-
sources. The methodology presented in this study can support the design and optimization of fuel
management programs and policies in agro-pastoral areas of the Mediterranean Basin and herbaceous
type landscapes elsewhere, where recurrent grassland fires pose a threat to rural communities, farms
and infrastructures.

© 2018 Elsevier Ltd. All rights reserved.

1. Introduction

The occurrence of largewildfire events is mainly associatedwith
extreme weather conditions and the presence of highly flammable,

unmanaged and continuous forest fuels (Cardil et al., 2017;
Dimitrakopoulos et al., 2011; Fernandes et al., 2012; Keeley et al.,
2012; Pausas and Vallejo, 1999; San-Miguel-Ayanz et al., 2013;
Xanthopoulos et al., 2009). Nonetheless, in the Mediterranean Ba-
sin, wildfires often affect areas largely characterized by the pres-
ence of herbaceous flashy fuels, such as open woodlands (e.g.:
dehesas and montados), meadows and pastures, or dryland crops
(e.g.: wheat, barley, and oat) (Bajocco et al., 2017; Levin et al., 2016;
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Naveh, 1973; Salis et al., 2014). In these areas, the presence of cured
herbaceous fuels througout the fire season favors the ignition and
propagation of large wildfires, even with moderate weather and
low fuel loads, as well as the ignition of short-distance spot fires in
advance of the main fire front, which further enlarges fire perim-
eters and complicates fire suppression efforts (Colin et al., 2002;
Costa-Alcubierre et al., 2011; Nudda et al., 2015, 2016, 2017; Salis
et al., 2016a). Furthermore, in several Mediterranean areas herba-
ceous fuels are preferential sites of fire ignition, and thus can be a
source of large events that can later spread into forests or anthropic
values (Alcasena et al., 2017; Gonzalez-Olabarria et al., 2015;
Ricotta and Di Vito, 2014). For instance, the largest event that
affected the island of Sardinia (Italy) in the last 20 years (Bonorva
wildfire, July 2009, 10,600 ha burned), one of the largest wildfire
events ever occurred in Italy, mainly affected herbaceous-type land
tenures (Salis et al., 2012; Schmuck et al., 2010). This wildfire spread
for two days under extreme weather conditions, presented
maximum spread rates close to 4 kmh�1, and caused substantial
losses to agro-pastoral farms and inland rural communities (Fois,
2015); moreover, even aerial resources had limited success in
containing the wildfire spread.

Wildfire management within the Mediterranean Basin con-
tinues to increase in complexity, due to a number of converging
drivers that amplify potential threats to ecological, social and
economic values (Bovio et al., 2017; Corona et al., 2015; Curt and
Frejaville, 2017; Moreira et al., 2011; Salis et al., 2016b). Major
drivers include the increasing presence of anthropic values and
activities into fire-prone areas, budget constraints in promoting
wildfire prevention and mitigation policies, the progressive ageing
of the population and associated land abandonment in forest and
rural areas, the lack of adequate fuel management, and climate
change (Bedia et al., 2014; Bonet and Pausas, 2007; Brotons et al.,
2013; Chergui et al., 2017; Curt et al., 2013; EEA, 2017; Fernandes,
2013; Karali et al., 2013; Lozano et al., 2017; Madrigal et al., 2017;
Oliveira et al., 2017; Pausas and Fernandez-Munoz, 2012; Pelliz-
zaro et al., 2012; Ruiz-Mirazo et al., 2012; Salis et al., 2014; Turco
et al., 2015; Velez, 2002; Xanthopoulos et al., 2006). Consequently,
there is a growing interest inwildfire risk assessment tools that can
support land managers and policy makers in mapping wildfire
exposure, prioritizing fuel treatment efforts, developing compre-
hensive strategies for risk mitigation and climate change adapta-
tion, and optimizing strategies and investments with finite budgets
while accounting for diverse operational constraints (Ager et al.,
2011, 2017; EEA, 2017; Piqu�e-Nicolau et al., 2014; Thompson
et al., 2012, 2013). To induce relevant changes in fire spread and
behavior, it is widely accepted that the most efficient approach is
the alteration of fuel conditions (e.g.: load and continuity) at the
landscape scale (Agee and Skinner, 2005; Reinhardt et al., 2008).
Fuel management is primarily intended tomodify wildfire behavior
and growth through strategic placement and arrangement of
treatment units at strategic locations (Ager et al., 2010, 2013;
Cochrane et al., 2012; Finney, 2001; Graham et al., 2004; Liu
et al., 2013; Oliveira et al., 2016; Parisien et al., 2007; Salis et al.,
2016b; Schmidt et al., 2008). Moreover, treating fuels can help
fire crews suppress wildfires by enlarging safety areas or escape
routes, and hence can enhance their capacity to contain an event
(Agee et al., 2000; Calkin et al., 2014; Montiel and Kraus, 2010;
Weatherspoon and Skinner, 1996).

The integration of fuel management strategies into wildfire
management poses a number of tradeoffs for land managers tasked
with identifying the best spatial arrangements and treatment so-
lutions while taking into account management goals, and financial,
social, legal and physical constraints (Agee and Skinner, 2005; Ager
et al., 2010, 2013, 2017; Arga~naraz et al., 2017; Collins et al., 2010;
Corona et al., 2015; Finney et al., 2007; Hand et al., 2014; Hudak

et al., 2011; O'Connor et al., 2016; Parsons et al., 2017; Reinhardt
et al., 2008; Schmidt et al., 2008; Scott et al., 2016; Thompson
et al., 2012, 2017; Thompson and Calkin, 2011; Vogler et al.,
2015). Overall, fuel treatments will not stop or eliminate fires
(Calkin et al., 2014; Finney and Cohen, 2003; Price and Bradstock,
2010); in fact, scattered widespread fuel treatments can be by-
passed or eluded by large events (Finney, 2004, 2007; Reinhardt
et al., 2008). Yet, fuel treatments and land management strategies
are supported by relatively little research, particularly in the
Mediterranean Basin context, on how treatment strategies and the
spatial arrangement of treated units affect wildfire transmission
and behavior, and on the effectiveness of fuel treatments to limit
wildfire growth and exposure at landscape scales (Alcasena et al.,
2017; Duguy et al., 2007; Fernandes et al., 2004; Gonzalez-
Olabarria and Pukkala, 2011; Mitsopoulos et al., 2016; Oliveira
et al., 2016; Salis et al., 2016b). Preliminary work has shown that the
maximum efficiency in fuel treatment effectiveness while mini-
mizing area treated could be obtained by the creation of patterns of
rectangular treatment units, and regular mosaic patterns were
proved to be more efficient than random arrangements, particu-
larly when small areas are treated (Bevers et al., 2004; Finney, 2001,
2004; Loehle, 2004; Schmidt et al., 2008). Promising results have
been obtained with the development of fuel treatment optimiza-
tion models, which can mitigate fire risk while taking into account
fuel management multi-objective perspectives or specific needs
(Ager et al., 2013; Alcasena et al., 2018; Arca et al., 2015; Chung
et al., 2013; Finney, 2007; Kennedy et al., 2008; Rytwinski and
Crowe, 2010; Vogler et al., 2015). The final evaluation of the effec-
tiveness of fuel treatments typically requires the estimation of
altered wildfire spread and behavior before and after the imple-
mentation of fuel treatment strategies (Ager et al., 2010, 2014;
Finney et al., 2007; Kim et al., 2009; Schmidt et al., 2008;
Stratton, 2004). In recent years, spatial fire growth simulators and
burn probability modeling approaches based on the MTT algorithm
(Finney, 2002) have emerged as useful tools for analyzing the in-
fluence of fuel treatments on wildfire growth and behavior, and for
performing risk-based simulation of fuel treatment efficiency
(Finney, 2005, 2007; Miller et al., 2008; Riley and Thompson, 2017;
Thompson et al., 2012).

The goals of this study were to: (1) analyze the effects of
different fuel treatment arrangements, unit sizes, and percentages
of treated area on simulated wildfire exposure metrics at the
landscape scale, and (2) determine to what extent treatment
effectiveness is conditioned by diverse wind speed conditions.
With this purpose, we simulated fire spread and behavior consid-
ering the driest fuel moisture conditions in a study area of about
625 km2, mainly covered by herbaceous surface fuels, and located
in Northern Sardinia, Italy. Fuel treatments were constrained to
specific herbaceous land use classes and changed the treated fuels
to unburnable state. The methodology and findings presented in
this study can support the design and optimization of fuel man-
agement programs and wildfire risk mitigation policies in agro-
pastoral areas of the Mediterranean Basin.

2. Material and methods

2.1. Study area

The study area is located in Northern Sardinia, Italy, and has
nearly 62,500 ha of land (Fig.1). Overall, the area is characterized by
the presence of large flat zones, with the highest peaks (Goceano
Mountains) located in the southeastern portion of the territory. The
elevation ranges from about 180m a.s.l. to 970m a.s.l., with an
average elevation of about 400m a.s.l. (Fig. 1). The climate is
Mediterranean, with relevant variations in temperature and
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