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ONLINE SPECIAL

Prescribed burning

Prescribed burning in southern Europe:
developing fire management in a dynamic

landscape

Paulo M Fernandes"**, G Matt Davies’, Davide Ascoli*, Cristina Ferndndez’, Francisco Moreira?, Eric Rigolot®,
Cathelijne R Stoof’, José Antonio Vega’, and Domingo Molina®

Mediterranean landscapes are in a state of flux due to the impacts of changing land-use patterns and climate.
Fuel-weather interactions determine that large, severe wildfires are increasingly common. Prescribed burning in
southern Europe is therefore justified by the need to manage fire-prone vegetation types and maintain cultural land-
scapes that provide a range of ecosystem services. Prescribed fire has neutral or positive effects on soils and biodi-
versity, in contrast to wildfires, which can be extremely damaging. However, the limited extent of current applica-
tions are unlikely to reduce wildfire hazard or carbon emissions. Adoption of prescribed burning in the
Mediterranean region has been slow, uneven, and inconsistent, and its development is constrained by cultural and
socioeconomic factors as well as by specific factors related to demography, land use, and landscape structure.
Sustainable fire management requires expansion of managers’ ability to use prescribed burning, a varied response to
unplanned fires, and modified regulation of burning associated with traditional agricultural land uses.
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outhern European landscapes are fire-prone due to the
Mediterranean climate, the presence of flammable
vegetation, and the rugged terrain (Pausas et al. 2008).
The environmental and societal impacts of fire in the
region have increased markedly during the 20th century.

In a nutshell:

e [n southern Europe, prescribed burning is used to decrease wild-
fire risk and to manage habitats for grazing and wildlife, but it
remains underused compared with other regions of the world

e The environmental implications of more frequent or larger pre-
scribed fires, including impacts on wildfire incidence and car-
bon emissions, remain poorly understood

® Because of the strong policy-related and practical barriers to
prescribed burning, fire management policies should be prag-
matic and should include unplanned fires as complements to
prescribed burning

¢ Given the highly dynamic nature of Mediterranean landscapes,
an evidence-based, experimental, and adaptive approach to
prescribed burning and fire management is recommended
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Pre-industrial fire regimes were generally associated with
widespread agropastoral land use and low-severity burn-
ing in heterogeneous shrublands and open woodland
landscapes (Seijo and Gray 2012). Pronounced changes
leading to greater fire risk have since occurred as a result
of socioeconomic and political factors that led to agricul-
tural decline, abandonment, and mechanization; rural
depopulation; large-scale afforestation; poor forest man-
agement; accumulation of biomass (fuel) in shrublands;
land-use conflicts; and the expansion of urban areas
(Birot 2009; Moreira et al. 2011; Seijo and Gray 2012).
These processes present southern European countries
with a unique fire management challenge in the context
of a landscape still undergoing rapid change.

The severity of contemporary (post-1960s) fire regimes
is also the result of climatic changes, including both gen-
erally hotter, drier weather and more frequent and
extreme episodes of drought (Seidl et al. 2011), as well as
modern fire suppression strategies that have further con-
tributed to the increase in fuel (Pifiol et al. 2007). An
increase in the number and size of large fires (that
account for most of the area burned) in the Medi-
terranean region suggests that fire regimes have shifted
from fuel-limited to weather-driven (Pausas and
Fernandez-Mufioz 2011). However, fire management
policies in southern Europe remain strongly biased
toward fire suppression and largely disregard the struc-
tural (socioeconomic and land management) roots of the
problem (Birot 2009).

Prescribed burning (PB) is the planned use of fire to
achieve precise and clearly defined objectives. In Europe
this can be distinguished from the more haphazard use of
fire in traditional agriculture, for example in the manage-
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soil and water resources, (2) its
impact on biodiversity, and (3) the
associated fire risk. A fourth con-
cern, landscape management of
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carbon (C) stocks and emissions, is
an issue that cuts across each of
these other categories.

Figure 1. Research directly related to prescribed burning in southern Europe. (a)
Cumulative number of papers published (as of September 2012, data from Thomson
Reuters Web of Science) and paper distribution by (b) leading author country, (c)

research topic, and (d) ecosystem.

B Prescribed burning in
southern Europe: research and management

Prescribed burning experiments in southern Europe were
first conducted in the Mediterranean pine forests of
Greece in the late 1960s (Liacos 1986). However, it was
not until the late 1970s that efforts resumed, due to col-
laboration with researchers in the US and a growing
interest in the study of fire ecology. Scientific output on
PB in southern Europe has increased exponentially
(Figure 1) since the first peer-reviewed paper was pub-
lished in 1988. Initially, most research came from Spain,
Portugal, and France, the output of international collabo-
rative projects funded by the European Commission. This
research sought to understand the effects of PB on ecosys-
tem components (particularly soil and vegetation), as this
was the primary management concern. A variety of inter-
related issues concerning PB application technology and
planning (eg fire behavior, fuel consumption, C emis-
sions) were subsequently addressed. Because fire risk in
the Mediterranean Basin is thought to be higher in pine
forests and shrublands (Moreira et al. 2011), these broadly
fire-adapted vegetation types have been the primary sub-
jects of PB studies. Research on PB has led to a substan-
tially improved understanding of the ecology and behav-
ior of low-intensity fires. This had previously been
neglected in Europe because of a strong focus on wildfire
dynamics.

Montiel and Kraus (2010) describe in detail the genesis
and development of PB management programs in Europe.
After an experimental period in the late 1970s, PB was

implemented in Portuguese and Spanish pine forests (early
1980s) and in French shrublands (late 1980s). Italy is cur-
rently undergoing an experimental PB phase (Ascoli and
Bovio 2013). Decreasing the fire risk was the initial motiva-
tion for PB, particularly to control fuel accumulation in
pine stands tolerant of low-intensity fire and to create and
maintain fuel breaks in shrublands (Figure 2; Table 1), but
the use of PB has since expanded to include a wide array of
other objectives, from range management to biodiversity
conservation (Table 1). Currently, PB in the Mediterranean
region covers an area of approximately 10000 ha yr,
which is substantially smaller than that affected by tradi-
tional fire use (Panel 1); by way of comparison, this is only
about 3% of the extent of wildfire in Portugal, Spain, and
France (Ascoli and Bovio 2013). A compilation of south-
ern European prescribed burns for various land-manage-
ment goals is provided by Fernandes and Loureiro (2010):

e PB use is much more widespread in shrublands than in
forests, but its application remains limited and local-to-
regional in scope. The spatial pattern of PB is either ran-
dom or strategic (ie linear strips), and landscape-scale fuel
treatment projects are uncommon. Prescribed burning
plots are typically small, usually <30 ha, but can be as
large as 200 ha. Patch mosaic burning is used to constrain
fire spread within zones demarcated by the less-flamma-
ble conditions created by previously burned areas.

e [nternational collaborations and interactions between
fire researchers and fire managers and stakeholders
were, and still are, instrumental in PB’s adoption and
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Figure 2. Prescribed burning in fire-adapted pines: (a) maritime pine (Pinus pinaster) in Portugal and (b) Aleppo pine (Pinus
halepensis) in France. (c) Prescribed burning in Spartium-dominated shrubland in France. (d) Livestock shepherds discuss the use
of prescribed fire with Forest Service officers and researchers in Italy’s Cilento National Park.

expansion (Figure 2d). Prescribed burning can there- 2006), including risk-related concerns, a shortage of
fore be characterized as both research-led and adaptive.  experienced professionals and organizations, the prevail-
e Prescribed burning programs have in some instances ing public perception of fire solely as a negative distur-
(eg Spain, France) replaced or restored pastoral burn-  bance, and legislation that omits or prohibits the use of
ing practices through cooperation with local communi-  fire (eg in Greece). Additionally, the amount of land
ties, thereby integrating traditional ecological know-  treatable by PB is restricted by the relatively high popula-
ledge into PB programs and reconciling range tion density and the extent of the rural-urban interface
management with forest management (Panel 1). (RUI), the predominance of private over public land, and
scarce resources for forest management in general and

A variety of factors constrain the expansion and con-  fuel treatments in particular.
solidation of PB in southern Europe (Xanthopoulos et al. The fire-exclusion legacy of the 19th century German

Table 1. Established PB practices, by vegetation type, in southern Europe

Broad vegetation type Species Countries Burn objective

Mediterranean pine forest Pinus canariensis, Pinus halepensis, Portugal, Spain, France Hazard reduction; range or biodiversity
Pinus nigra, Pinus pinaster, management as secondary objectives
Pinus pinea

Mediterranean shrubland Variable, but usually dominated by France, Portugal Hazard reduction; range and/or biodiversity
Cistus spp or Quercus coccifera management

Heathland Ulex spp, Erica spp, Calluna Portugal, Spain Hazard reduction; range management

vulgaris, Pterospartum tridentatum,
Cytisus spp, Genista spp

Mountain shrubland and Cytisus oromediterraneus, Cytisus France, Spain Range management; biodiversity management and
grassland scoparius, Spartium junceum hazard reduction as secondary objectives
Eucalypt plantations Eucalyptus globulus Portugal Hazard reduction; post-harvesting slash disposal

www.frontiersinecology.org © The Ecological Society of America
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Panel 1. Complementarity between traditional pastoral burning and PB in the French Pyrenees

Fire has long been used by pastoral communities in the French
Pyrenees as a tool for rangeland improvement. In the late 19th
century, rural mountain populations began to decline; at the same
time, the French National Forest Service launched a large refor-
estation program in the Pyrenees. Traditional burning was seen as
a threat to these new plantations and French forestry law (circa
1924) became increasingly repressive with regard to traditional
fire use (Métailié 1981).

The emergence of PB in the Pyrenees (Figure 3) during the late
20th century has, however, contributed to a revival of traditional
burning practices; as such, over the past 30 years, the Pyrenees
have become a natural laboratory for restoring fire use. Local
responses have been highly variable: there is a gradient over the
Pyrenees, with intensive PB programs operating on the
Mediterranean side, enduring traditional burning practiced in the
Atlantic region, and varying combinations of the two in locations in
between. Local agencies involved in rural development and wildfire prevention in France’s five Pyrenees départements have adapted to
local contexts and adjusted their response based on the extent to which traditional fire-management practices have survived. Three
examples illustrate this regional variability.

() Pyrénées-Orientales. Fire risk first became critical in the Pyrénées-Orientales after rural abandonment resulted in fuel build-
up alongside progressive forest recolonization. Loss of traditional knowledge and poor burning practices were responsible for
increased wildfire occurrence. By the mid-1980s the situation had become serious enough to encourage local authorities to launch
one of the first French PB teams (Montiel and Kraus 2010).Their objectives were the strategic reduction of fire risk and improvement
of grazing potential and range condition (Lambert and Parmain 1990). A rangeland extension service and the Forest Service, with sup-
port from civil protection crews, initially led the PB programs; today, firefighters are also included. Part of the challenge for the PB
team was the provision of training to assist communities in restoring sustainable burning practices. Despite having one of the most
active PB programs in France, only 0.6% of target areas in the Pyrénées-Orientales are treated annually (Montiel and Kraus 2010).

(2) Pyrénées-Atlantiques. This area is the most productive in terms of livestock in the Pyrenees because of its favorable biocli-
mate. Traditional burning for rangeland improvement remains widespread, with more than 10000 ha treated annually, representing
almost 6% of the target areas. Nevertheless, restrictive regulations (eg a ban on burning during several months of the year, limited
times for burning per day) led to poor practices, including agressive ignition patterns and much larger fires than necessary, resulting in
frequent fire escapes and environmental damage. In 2000, local stakeholders developed a participatory approach to improve dialogue,
promote best practices, and establish local fire committees. Voluntary burning requests have since increased, while damage to the
area’s forestry has declined. However, the effect of burning on air quality is a pending issue.

(3) Hautes-Pyrénées. Although some traditional use of fire remains, it is much less common in this central region than in the Pyrénées-
Atlantiques. Until the 1990s, clandestine burning was frequent due to limited lawful opportunities, with unattended burning resulting in many
fire escapes. New local fire regulations have since been introduced that recognize the need for burning by rangeland managers and organi-
zation of practitioners into local fire committees (Métailié et al. 1996). Each committee maps potential areas for pastoral burning, and these
areas are further categorized into three levels of difficulty. While the two easiest levels can be performed by shepherds, the most difficult
burns are carried out by a local PB team.The PB team also leads a working group on regulation adaptation.The new regulations are based
on three principles: () acknowledgement of the potential agronomic and sociological advantages of burning, (2) that shepherds bear respon-
sibility for their pastoral burning practices, and (3) substitution by specialized PB teams only when unavoidable.

The use of PB in the Pyrenees has facilitated the revival of best-practice traditional fire use within a regulated framework.The three
examples above share common principles: rehabilitation of traditional pastoral fire use, a participatory approach, and support from
fire professionals. They also share common tools: schools that teach good pasture-burning practices and adaptive regulation. Other
regions in France are increasingly implementing these principles and tools. Integrating traditional knowledge within PB programs
remains a key challenge (Lazaro and Montiel 2010), but it is clear that both traditional fire use and formal PB practices are needed to
maintain cultural landscapes in the mountainous areas of the Mediterranean.

GRAF

Figure 3. Prescribed burning of mountain grassland in the
Pyrenees.

forests for timber production and a greater emphasis on
“sustainable” forest management are likely to discourage

forestry school is no longer relevant to fire management

in the US (Donovan and Brown 2007) but still influences

forestry professionals in Europe. Promising and successful
PB programs have in the past been halted or substantially
downsized because of changes in forest policy or a lack of
institutional support (eg in the pine forests of the north-
west Iberian Peninsula in the 1980s—1990s; Fernandes
and Botelho 2004). Declines in the use of European

the adoption of PB in regions where the ecological role of
fire in forest dynamics continues to be misunderstood or
underrated (Diaci 2006).

Legal frameworks and professional accreditation schemes
for PB currently exist only in France and Portugal (Montiel
and Kraus 2010). Both burn objectives and the number
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the soil surface rather than infiltrating) has been
found to both decrease (Zavala et al. 2009) and
increase (Stoof et al. 2011a) following PB. Ferreira
et al. (2008) reported repellency at PB sites to be
more spatially heterogeneous than at wildfire
sites, thereby favoring infiltration and mitigating
runoff and erosion. This may be an explanation
for the modest effects of PB on stream-water
chemistry (Belillas and Roda 1993) and erosion,
despite observed increases in runoff (Marcos et al.
2000; Vega et al. 2005; Stoof et al. 2012). Erosion
rates vary from non-significant changes (Zavala et
al. 2009) to statistically significant increases, with
post-fire erosion rates of between 2.3 and 842 g
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Figure 4. Normalized soil erosion (g m™ mm rainfall ), measured after
PB and rainfall simulations, versus maximum temperature (°C) recorded

at the mineral soil surface during burning.

2012). While increases in erosion are greater after
PB than following mechanical fuel treatments
(Fernandez et al. 2008; Fernandez et al. 2012),
they are usually lower than after wildfire (Soto

and background of PB practitioners have rapidly diversified
in France. Strong features of the French PB system include
a dedicated network for exchanges of information between
practitioners, knowledge transfer, and dialogue between
stakeholders. However, the amount of treated land has
remained largely the same because of increasing regulation,
insufficient availability of supervisors, and the scarcity of
days with suitable weather conditions, combined with
insufficient preparedness to burn on those days. Prescribed
burning is rarely a priority for fire- and land-management
organizations, and therefore relies heavily on the motiva-
tion and effort of individuals within those agencies.

H Effects of PB on soil and water resources

The increasing number of large, severe wildfires in the
Mediterranean Basin has important implications for
regional soil and water resources; for example, rates of soil
loss (Pausas et al. 2008) and runoff and sediment yield
(Mayor et al. 2007) have all increased, and the relative
abundance of different forms of soil organic matter have
been altered (Rovira et al. 2012). In addition, an increase in
wildfires has been shown to have potentially negative
effects on water quality (Smith et al. 2011). These processes
suggest that increasing wildfire frequency or severity may
interfere with the delivery of a range of ecosystem services,
including the prevention of soil erosion, soil C sequestra-
tion, the provision of clean drinking water, and the preser-
vation of aquatic biodiversity.

The effects of PB on soil properties are generally con-
sidered to be minor, but research results are often ambi-
guous. For instance, fire effects on soil microbiota are
smaller than seasonal changes (Fonturbel et al. 2012), and
soil chemical changes are either temporary or inconclu-
sive (Ubeda et al. 2005; Outeiro et al. 2008). Likewise,
soil hydrophobicity (the tendency of water to collect on

and Diaz-Fierros 1998).

The limited effects of PB on soils and water are attrib-
uted to two key factors: limited soil heating (De Luis et al.
2003; Vega et al. 2005; Ferndndez et al. 2012) and the pro-
tective effect of the remaining surface cover (Vega et al.
2005; Fernandez et al. 2012; Stoof et al. 2012). Increased
temperatures seem to directly affect soil erosion (Figure
4), thereby underlining the importance of controlling soil
heating during PB. Soil heating is influenced by the igni-
tion pattern, the amount of moisture in the litter and soil,
and the presence of rock fragments (eg Vega et al. 2005;
Stoof et al. 2011b). Post-fire, litter should ideally cover
>70-80% of the ground surface to minimize erosion
(Vega et al. 2005; Ferndndez et al. 2012), suggesting trade-
offs are necessary in managing fire and erosion risk.

With progressive soil degradation following repeated
shrubland fires (Campo et al. 2006; Gonzélez-Pelayo et al.
2010), the frequency of PB may be an important factor in
terms of its impacts on soil and water. However, as with
most other fuel treatments, little is known about the
effects of repeated application of PB on soil degradation.
The main question is, therefore, whether the cumulative
effects of repeated PB are comparable to less frequent but
more severe wildfire. Further work is required in this area.
More information is also needed on whether targeting
alternative burning seasons could decrease PB-induced
erosion by allowing for more regeneration before the onset
of convective rains, and how spatial patterns of PB can be
designed to affect hydrological connectivity in a way that
accommodates the treatment objectives while minimizing
erosion rates (Ferreira et al. 2008).

B Prescribed burning and biodiversity

Large-scale abandonment of agricultural lands over
recent decades has had a profound effect on floral and
faunal communities throughout the Mediterranean
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Basin. Dominant trends are characterized by the colo-
nization of open agricultural habitats by shrubs and trees
and the homogenization of existing shrubland habitats.
Specific examples of biodiversity impacts include an
increase of forests in Italy at the expense of open habitats
with associated declines in typical Mediterranean fauna
(Falcucci et al. 2007), and a decline in farmland bird
diversity in the northwestern Mediterranean in relation
to woodland and shrubland expansion (Sirami et al.
2008). We suggest a wider application of PB will substan-
tially reduce the risk of large wildfires that would have
negative impacts on biodiversity (Moreira and Russo
2007). Increased use of PB will also maintain open areas
and habitat heterogeneity in the absence of disturbance
from traditional agriculture (Moreira and Russo 2007;
Moreira et al. 2011).

In southern Europe, the use of PB for maintaining bio-
diversity has generally followed two scenarios: first, the
preservation or restoration of valued shrubland habitats
(eg heathlands dominated by common heather [Calluna
vulgaris] and high-elevation Mediterranean shrublands)
by reintroducing fire where cessation of grazing and/or
burning has resulted in tree encroachment (eg Bartolomé
et al. 2005), and the re-establishment of longer fire-return
intervals in areas where poorly managed grazing and fre-
quent pastoral fires have caused habitat degradation
(Ascoli et al. 2013); and second, to improve habitat qual-
ity for species of conservation value (eg maintaining rab-
bit populations as a food source for vultures, lynx, and
eagles; Moreno and Villafuerte 1995). Prescribed burning
has been recommended as an effective means of creating
open habitats that support species of conservation con-
cern on abandoned farmlands (eg Brotons et al. 2008),
and is also viewed as a tool for increasing structural and
species diversity in formerly exploited forests (eg chestnut
coppice woodlands) that are now abandoned and in tran-
sition to alternative ecosystem states dominated by semi-
natural ecological processes (eg Moretti et al. 2008).

There is little evidence that the use of PB to improve
grazing quality in mountain pastures has had much effect
on plant species richness and composition (eg Rigolot et
al. 2002); in contrast, the effects on wildlife diversity
have been varied. For example, negative impacts were
observed for Orsini’s viper (Vipera ursinii; Lyet et al. 2009)
while little effect has been recorded on the survival rates
of wood mice (Apodemus sylvaticus; Monimeau et al.
2002). On the other hand, Pons et al. (2003) found that
populations of rare grassland birds increased following PB
application. In forested areas, most studies show a negligi-
ble effect of PB on vegetation and wildlife diversity (eg
Moreira et al. 2003). The small size and low intensity of
burns in forests might be one of the reasons for the rela-
tively small impact of PB in such areas.

Although the primary objectives of individual PB may
vary (eg fuel reduction versus habitat creation for a par-
ticular species), decisions about where and how to burn
must always be ecologically justifiable. This is a consider-

able challenge in the Mediterranean Basin, where
dynamic interactions between ongoing changes in land-
use, climate, and natural and anthropogenic disturbances
mean many ecological systems are not in equilibrium
with the prevailing disturbance regimes (Pausas et al.
2008). Thus, for example, the cessation of grazing and
traditional burning in some mountain shrublands means
that current ecological structures are a relic of past distur-
bance regimes. Planning PB specifically for biodiversity
objectives therefore requires an understanding of the
impact of PB regimes as compared with the effects of sin-
gle burns and implementation of long-term monitoring
programs of intentionally burned areas. The effects of his-
torical wildfire regimes on key species and communities
can provide useful information (eg Trabaud and Galtié
1996) but (pre)historical ranges of fire regimes with
which species and habitats evolved cannot be identified
in southern Europe (Pausas et al. 2008). As an alterna-
tive, flexible PB regimes should be implemented as part of
nature conservation programs by evaluating key species
and habitat tolerances to different fire regimes, so that PB
use can be kept within tolerable limits. This issue is par-
ticularly important given the uncertainty about the
effects of PB on disturbance-dependent protected habi-
tats (Halada et al. 2011) and the potential spread of inva-
sive species (Maringer et al. 2012).

The implications for biodiversity management of larger
scale PB application must also be considered. Benefits
might arise from increased landscape heterogeneity
(Moreira et al. 2001), but further research is needed. The
possible role of PB in maintaining populations of threat-
ened open-habitat species in the context of field “closure”
by secondary vegetation succession has been highlighted
by several authors (eg Moreira and Russo 2007; Brotons et
al. 2008), although specific guidelines on burn size are
scarce. Finally, the effects of PB on long-term succes-
sional processes in abandoned areas, including the poten-
tial for alternative developmental trajectories and stable
states, still remain to be addressed.

M Risk-reduction effectiveness of PB

The effectiveness of PB in reducing fire risk can be
gauged by various indicators and at different spatial
scales. Successful fire containment or fire behavior/sever-
ity mitigation in PB areas has been documented in case
studies of wildfire in shrublands and pine forests in south-
ern Europe (Fernandes and Botelho 2003). Persistence of
the PB effect is dependent on the temporal dynamics of
fuel accumulation and structure (eg decreases in shrub
height and fuel loading of 62% and 44% from untreated
to 3-year-old [after PB] heathland, respectively; these
effects corresponded to a 78% decrease in fire intensity
observed under comparable weather conditions; Vega et
al. 2010). Experimental evidence from pine stands indi-
cates lower surface-fire intensity for at least 10 years fol-
lowing PB, and presumably for a longer period, at least
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modeling should be used to optimize PB
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treatment rate and location in the land-
scape and to assess the effectiveness of alter-
native fire-treatment strategies (eg random
versus strategic burning, linear versus patch
burning).

Prescribed burning offers risk-reduction
benefits other than just decreased wildfire
extent. For example, wildfire severity is
reduced in areas that have recently been
treated with PB and forest resilience is
enhanced where use of PB prevents stand-
replacing fires.

B Prescribed burning and C
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Some scientists have suggested that PB can
be used as a tool to reduce C emissions

Figure 5. The effect of PB on C emissions according to the conceptual model of
Bradstock et al. (2012). Variation is a function of PB leverage and the PB-to-
wildfire ratio of fuel consumption, which is assumed to be 0.7 for shrubland
(Fernandes et al. 2000) and 0.5 for pine forest (Narayan et al. 2007).
Prescribed burning mitigates C emissions when the net emissions ratio is < 1.

(Narayan et al. 2007; Vilén and Fernandes
2011). The potential of PB to mitigate C
emissions from the burning of aboveground
biomass is directly related to its leverage
value and varies with the amount of fuel

until the pre-treatment fuel structure has returned
(Fernandes 2009), but suggests a shorter-lived effect in
the mitigation of crown fires developing under severe
weather conditions (Fernandes et al. 2004). Prescribed
burning is therefore thought to be less effective in more
productive environments, especially if extreme weather
conditions become more frequent as a result of climate
change.

Local-scale evidence- or modeling-based analyses of PB
effectiveness are insufficient to assess its ability to modify
larger scale regional fire regimes. Because of the limited
use of PB in southern Europe, its effects on fire regimes
are not quantifiable from empirical data; its effectiveness
can, however, be expressed according to its “leverage” —
the decrease in wildfire area per unit area of PB — with a
leverage value of > 1 implying that PB decreases the total
area burned. Substantial variation in PB leverage is theo-
retically possible as a function of wildfire extent, PB
treatment effort, and the spatial patterns of treatment
(Price 2012). Leverage is ~0.25 in Australian eucalypt
forests and zero in southern California chaparral (Price et
al. 2012), but it can be as high as 1.8 in Portuguese shrub-
land (Vilén and Fernandes 2011), possibly reflecting the
combination of high fire incidence, extreme landscape
fragmentation, and less severe fire weather in that region.
Fire size variability and maximum fire size both decrease
in more fire-frequent landscapes in Portugal (Fernandes
2010), indicating that the fuel mosaics created by pas-
toral burning can offer guidance for defining future spatial
patterns of PB. Inferences from wildfire suggest that about
5% of the forest landscape could be a reasonable target for
annual PB treatment (Vilén and Fernandes 2011). Fire

consumed as compared with the amount of
fuel consumed by a wildfire (Bradstock et al. 2012).
Prescribed burning will decrease overall pyrogenic emis-
sions in southern Europe if leverage > 0.5 (pine forest) or
> 0.7 (shrubland; Figure 5). Additionally, high post-fire
tree survival in burned open forests consisting of large,
mature trees preserves C stocks in living tree biomass, but
the C balance will still be influenced by PB leverage.

The approach illustrated in Figure 5 does not consider
soil C stocks, which are quite high even in the
Mediterranean region. Soil C storage may decrease in PB
areas and increase in response to wildfires (Johnson and
Curtis 2001) because of differences in charcoal produc-
tion and post-fire litter fall. However, large and severe
wildfires occur when soils are dry, which increases the
likelihood of soil C oxidation. Regular low-severity PB
(ie low fuel consumption, shorter residence times, and
reduced temperature penetration belowground) protects
against such losses and contributes to increased soil C
over the long term through the sequential addition of
highly stable “black” C (Adams 2013). A substantial
amount of work is still needed to quantify the effects of
PB on the C cycle and to model variations in the magni-
tude of different C pools in response to changes in land-
scape vegetation composition and fire frequency.

B Future perspectives and challenges

Existing constraints are likely to preclude substantial
increases in PB application in southern Europe for the fore-
seeable future. The current consensus among fire
researchers and land managers on the need for more bal-
anced fire management has yet to make an impression on
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policy makers and the general public (Birot 2009).
Effective communication and promotion, education, and
demonstration projects are therefore needed to raise aware-
ness regarding the ecological role of fire and the benefits of
PB. Nonetheless, expansion of PB under the political and
socioeconomic frameworks that currently exist in southern
Europe may be possible through the establishment or
improvement of national standards for training, technical
certification, and burn operations. Improved spatial and
temporal planning is also required, implying a need for
greater reliance on decision-support and reporting tools.
The resulting increase in effectiveness of PB, either per-
ceived or real, combined with the operational considera-
tion of C-related issues, is likely to increase the willingness
of stakeholders to accept expanded PB programs.

Fire management should be focused on establishing a
more sustainable fire regime, one that is characterized by
less severe fires but not necessarily by reduced fire extent.
However, prescribed burning is not the only option for
achieving this goal. Alternative fire-management prac-
tices, such as pastoral burning, could contribute deci-
sively to sound land management (Panel 1), but such
management approaches are often met with resistance
and/or indifference from policy makers and local commu-
nities. Landscapes that are undergoing rapid shifts in eco-
logical state due to the cessation of traditional practices
are especially challenging in this respect, as are sites
where the maintenance of biodiversity values are incom-
patible with fire occurrence (eg due to the presence of
fire-sensitive species).

Ecosystem services also benefit from distinct responses to

unplanned fire events. Fire suppression should be condi-
tional on the form of land use and burn severity (or fire
weather), such that unplanned fires are monitored rather
than extinguished if within “prescription” parameters.
Social constraints (even at more remote or marginal loca-
tions) and the current capacity of firefighting organizations
impose limits on unplanned fire management in southern
Europe. However, under a scenario that combines climate
change and decreased resources for management, pragma-
tism recommends a trade-off, whereby fire-management
zoning defines where unplanned fire is allowed and where
fuel treatments (including PB) are given high priority
(Fernandes 2013). Prioritization should be based on the eco-
logical and economic value of the assets and ecosystem func-
tions targeted for protection. Scaling up current PB practices
to larger fires would contribute to increased acceptability of
and ability to manage unplanned fires. This requires a better
understanding of the links between PB and wildfire and a
representative range of important ecosystem functions.

Five distinct challenges can be considered regarding
the future of PB in southern Europe, relating to: the RUI,
commercial forestry, mountain rangelands, forest reserves
requiring protection from fire, and abandoned farmland
(Table 2). Paradoxically, unless managers and researchers
are better able to communicate its advantages to policy
makers and other stakeholders, PB is likely to remain
underdeveloped where fuel-hazard reduction is most
needed. The implementation potential of PB at the RUI
is currently restricted by social acceptance (eg concerns
regarding smoke, risk of fire expansion) and by opera-
tional complexity. In commercial forests, even if other

Table 2. The potential role of PB in fire and landscape management in southern Europe

Situation Objective

Approach

RUI Protection of communities and assets from fire

PB used in fuel-break maintenance

Production forests Forest protection from fire

PB used in shrubland and fuel breaks to isolate forests;
in forests adapted to low-intensity fire to reduce surface fuels;
and to manage post-harvest residues

Spatial and temporal planning is critical, including integration
with silviculture operations and schedules

Mountain rangelands Grazing, with biodiversity as a byproduct;

Patch mosaic of PB and traditional pastoral burning

management of cultural landscapes; fire severity

mitigation

Accommodation of unplanned fires

Forest reserves

Restoration of ecological processes (re-wilding);

Variable and adaptive response to fire

provision of diverse ecosystem functions (eg C

storage, biodiversity, recreation)

PB to provide a diversity of fire regimes, from fire exclusion in
areas undergoing succession and in fire-sensitive vegetation
types, to low-intensity frequent fire in Mediterranean
coniferous forest

Management and use of naturally-ignited fires when “in
prescription” (ie occurring within a predetermined range of
conditions likely to produce beneficial results)

Abandoned farmland

farmland species

Restoration of disturbance-dependent habitats and
species; improving habitat quality for “open land”

Variable and adaptive response to fire, depending on
habitat/species requirements

Management and use of naturally ignited fires when “in
prescription”
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limiting factors are overcome, the cost-to-benefit ratio
might be sufficiently high to hinder the adoption of PB.
In the remaining three situations, the use of fire is justi-
fied to maintain cultural landscapes, to protect fire-sensi-
tive habitats from wildfire, or to foster re-wilding; land-
use and rural development policies will play an important
role in these situations.

The implementation of PB for reasons other than fire-
risk management can be seen as a continuum of complex-
ity, starting with the application of PB for exclusively utili-
tarian purposes, focused on a single resource (eg improving
vegetation for grazing). However, as simple as this objec-
tive may seem, managing rangelands requires more than
just rejuvenating pastures through burning. More know-
ledge is needed of the PB regimes that enhance forage
quality and quantity in the long term. This might partly be
achieved by integrating traditional ecological knowledge
into PB programs. Likewise, knowledge gaps concerning
the biology and ecology of species and habitats may limit
the effectiveness of burning plans intended for nature con-
servation. This is particularly the case where the mainte-
nance of a fire-dependent habitat of conservation value
prevents ecological succession towards an alternative, but
potentially valuable ecosystem state.

Using PB at a given location involves identifying trade-
offs between ecosystem services, because no single fire
regime will be optimal (or even beneficial) for all ser-
vices. The priority should be to ensure that landscapes are
able to perform a range of ecosystem functions, so that
even if one function is a particular priority, other services
should always be considered during the development of
PB plans. This is especially important in fire-prone land-
scapes, where large, severe wildfires have the potential to
undermine the provisioning of valued services. It is also
important given that “natural” fire regimes are unknown
due to the frequency of human-induced ignitions and the
long history and complex dynamics of land management
which continue to drive ecosystems across the
Mediterranean. A much more thorough understanding of
the effects of variation in fire regimes on ecosystem func-
tions is therefore necessary in these ecosystems; this
would require dynamic, landscape-scale analysis and
planning tools that assimilate information such as soil
characteristics, climate/weather patterns, fuel and vegeta-
tion succession models, and human population density, to
facilitate the accurate forecasting of fire danger.
Providing the knowledge base to develop such tools
should be a priority for researchers.

M Conclusions

Research on PB and its use in southern Europe are at a
relatively early stage and are somewhat less developed
than in other regions of the world. There are still consid-
erable institutional and cultural challenges preventing its
widespread adoption in the Mediterranean region.
Decisions about the future use of PB are currently being

taken in the context of (1) substantial vegetation
changes, most noticeably related to land-use abandon-
ment leading to shrubland and forest expansion, and (2)
altered weather patterns as a result of climate change.
The considerable interactions likely to occur between
these two factors will lead to novel conditions for PB, in
which current models of fire behavior and ecological
dynamics may be of limited applicability. There can be
no certainty that current practices will continue to guar-
antee safe and effective burning operations for the full
range of ecosystem functions that benefit from fire man-
agement. A robust, evidence-based, and adaptive
approach to PB is therefore needed. We suggest that the
future of PB should follow three principles:

e Operations and outcomes must be continually moni-
tored, and operational practice should learn from tradi-
tional ecological knowledge where available.

e Experimentation should be encouraged and docu-
mented, including ecologically justified “risk taking” by
managers. Such experimentation needs to be facilitated
by policy makers.

e Regulations should be subject to regular review and
should be flexible, so as to facilitate regional develop-
ment of regulations governing the use of PB. Such rules
should set out broad principles and requirements for
planning and applying PB and should clarify such issues
as potential liabilities.
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