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Abstract Prescribed burning as a fuel treatment seeks to
moderate wildfire impacts and decreases the areal extent of
wildfires by increasing the effectiveness of fire suppression.
Assessment of prescribed burning effectiveness is frequently
anecdotal or based on simulation. This paper examines recent
observational evidence of prescribed fire effectiveness. The
spread rate and intensity of experimental fires in distinct fuel
types have been shown to increase with time since treatment
(fuel age) following fuel structure recovery. Prescribed fire
constrains the size and especially the severity of individual
fires, even under extremely severe weather conditions. At
larger spatial and temporal scales of analysis, the effect of fuel
age on unplanned fire severity is also evident, whether it
comes from wildfires entering treated areas or from wildfires
in fuel-reduced areas resulting from earlier wildfire occur-
rences. The persistence of these effects is variable, depending
on vegetation type and productivity. The long-term reduction
in wildfire area brought about by prescribed fire can be diffi-
cult to ascertain. Substantial effort (annual treatment rates
>5 % of the landscape) has been shown to effectively control
the extent of wildfires in forests, with 3—4 units of prescribed
burning needed to reduce wildfire by one unit. Future studies
should consider the decrease in area burned by high-severity
fire as a more meaningful and objective measure of prescribed
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fire effectiveness than the decrease in wildfire area and should
strive to document fire behaviour in treated versus untreated
areas during wildfires.

Keywords Fire management - Fire behaviour - Fire hazard
reduction - Fire regime - Fire severity - Fire use

Introduction

Wildland fire is an intrinsic component of terrestrial ecosys-
tems where vegetation exists in sufficient amount and conti-
nuity to burn whenever warranted by weather conditions.
While the pervasive nature and ecological role of fire excludes
its eradication, fire management activities attempt to regulate
the fire regime to minimize the potential negative impacts of
fire and optimize its benefits for both ecosystems and human
communities. The tendency to allocate most of the fire man-
agement investment to the suppression of unwanted fires can
paradoxically exacerbate the problem, as fuels accumulate to
levels that preclude effective fire-fighting operations regard-
less of the resources available, which has been described as
the ‘fire-fighting trap’ [1]. Managing vegetation fuels is the
sole option available to fire managers to modify fire behaviour
characteristics, simply because the other influences (weather
and topography) are beyond human control.

Fuels treatments reduce fuel loading or modify fuel struc-
ture such that rates of fire spread and fuel available for com-
bustion are substantially reduced, thus diminishing resultant
fireline intensities and improving the likelihood of fire con-
tainment and extinction, lowering damages and leading to
smaller fire sizes (Fig. 1) [2—4]. Prescribed burning (PB) is
the planned, controlled and exact (i.e. following a predefined
prescription) use of fire to attain specific and well-defined
resource management goals, according to state-of-the-art fire
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behaviour and fire ecology knowledge [5]. PB often is the
preferred fuel treatment due to economic and effectiveness
considerations. By increasing frequency of application and
reflecting distinct constraints and challenges, PB is practiced
in a wide diversity of vegetation types in Europe [6], South
Africa [7], North America [8] and Australia [3, 9, 10]. The
success of a PB programme is conditional on the existence of
a knowledgeable, experienced and flexible staff, institutional
compliance with adaptive management and engagement with
society [3].

Fuel treatment effectiveness, including PB, varies with
vegetation and treatment type [11]. PB is stand replacing in
open, single-layered vegetation types (i.e. it removes the grass
or shrub layer); fireline intensity can be exceedingly high but
unburnt patches typically remain. Forests have at least two
fuel layers, and PB is usually practiced as an understory
low-intensity fire that consumes grasses, shrubs and the litter
and woody fuels that comprise the forest floor and surface fuel
(Fig. 2). A pruning/thinning effect is also possible depending
on tree size and the fireline intensity, further decreasing the
likelihood of subsequent crown fire development. This high-
lights a fundamental difference between PB in grassland or
shrubland and in certain forest types, where in practical terms,
the treatment effect will persist as long as crowning is avoided.

The fuel reduction effectiveness of a given PB operation is
defined by the extent to which fuels are consumed and is
dependent on their moisture, amount, particle dimensions, lo-
cation in the fuel profile and overall fuel complex structure
[12—16]. The rate of fuel recovery (e.g. [17]) in turn defines
the longevity of the treatment effect. Several approaches can
be taken to assess and quantify PB effectiveness, including the
immediate treatment impacts on the fuel complex, observation

of fire behaviour and effects associated with experimental
fires, prescribed fires and wildfires, fire behaviour simulation
at various spatial and temporal scales and modification of the
fire regime [2]. Changes in wildfire severity (crown scorch
metrics, tree mortality), assessed on-the-ground or remotely,
are widely used to gauge the effectiveness of PB [11].
Literature on fuel treatment effectiveness has undergone
substantial additions in the last few years, but ‘anecdote,
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Fig. 2 Effect of prescribed burning on fuel stratification and loading in a
28-year-old maritime pine (Pinus pinaster) stand, North-Eastern
Portugal: untreated (eff) versus prescribed burnt at ages of 14 and 25 years
(right). Fuel accumulation in the treated situation is four times lower, and
the canopy distance to the ground is higher, making the transition of
surface to crown fire more difficult. Adapted from [18]
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theory and modelling’ [11] are still prevalent. This review
updates the state-of-the-art on PB effectiveness but excludes
studies that have used semi-empirical fire modelling systems,
namely because of incorrect model linkages and
underprediction bias [19], and output susceptibility to the as-
sumptions used [20]. PB effectiveness inferred from fire
modelling can oppose experimental results [21] and is opti-
mistic in comparison with the findings of landscape scale em-
pirical analysis [22]. We also ignored studies of post-treatment
dynamics of fuel loading and structure that lacked companion
fire behaviour data. Only PB (and PB plus thinning) treat-
ments and programmes tested by fire, either experimental or
unplanned, are considered here, along with inferences from
research on the impact of past fire on wildfire size, extent and
severity.

Experimentation on the Role of Fuel Structure
in Fire Behaviour

Observations and measurement during experimental fires and
the empirically based models developed with those data are
the benchmark to assess the efficacy of fuel treatments at the
plot or stand scale. Variation in fuel complex characteristics
and the range in other environmental conditions (weather,
terrain) affect the results. Practical and risk considerations
usually preclude experimental fire behaviour studies under
extreme fire weather. Nevertheless, model extrapolation has
been deemed acceptable, provided that the functional relation-
ships in the models are robust [23, 24]. Identification, let alone
quantification of the effects of structural fuel properties on fire
behaviour characteristics is difficult from field data, namely
because of unavoidable correlation between putative indepen-
dent variables (e.g. [17]) and the dominating influence (and
usually larger experimental variation) of wind speed and fuel
moisture.

Litter depth or vegetation height is visually apparent de-
scriptors of fuel accumulation and to a certain extent should
correlate with fuel age (time since treatment). Recent empiri-
cally based models for fire spread rate account for the effect of
fuel structure through fuel depth or height, namely in semi-
arid shrubland [25], oceanic-climate shrubland [26], shrub-
land in general [27] and Mediterranean pine forest [28]. For
the latter, the effect of fuel recovery (translated as time since
PB) on simulated fire behaviour indicates that it is fireline
intensity rather than rate of spread that reflects treatment per-
sistence (Fig. 3). Flame length, but not rate of spread, differed
between experimental fires in 10- and 25-year-old fuel com-
plexes in a maritime pine stand after considering the effects of
other variables [21]. By definition, and disregarding the com-
paratively minor effect of fuel moisture on heat of combus-
tion, fireline intensity in a given fuel type increases linearly
with the product of rate of spread and available fuel loading.

@ Springer

Fireline
4 intensity

Relative fire behaviour
w
]

Rate of spread

--------------------
--------
----------
-
P
-
o=

Fuel age (years since PB)

Fig. 3 The effect of fuel age on normalized surface fire behaviour
characteristics in NW Portugal maritime pine stands with a low shrub
understory as per the PiroPinus application [30]

Treatment longevity in maritime pine forest is then largely
decided by post-treatment fuel build-up. In NW Spain heath-
land, fireline intensity during experimental fires was reduced
by 78 % in 3-year-old fuels in comparison with the untreated
shrubland [29].

Project VESTA was the most extensive experimental burn-
ing programme in recent years. It was carried out in the dry
eucalypt forests of South-Western Australia, during summer
and under conditions of high fire danger [31¢]. The experi-
mental design was conceived to reveal and quantify the effect
of varying fuel conditions (2 to 22 years after PB) on fire
behaviour characteristics. The existing fuel layers were char-
acterized both quantitatively (load, height) and qualitatively,
through hazard scores describing fuel structure and assigned
visually. Surface (litter) and near-surface fuels did not change
much after 6 years post-PB [17] and had the most effect on fire
spread. The study found that some of the PB effect on fire
behaviour, including spotting potential, persists until full re-
covery of pre-treatment understory fuel structure and bark
hazard (i.e. up to 15-20 years after PB). Fuel hazard scores
had higher predictive capacity than fuel loading and were
integrated in equations to predict rate of spread and flame
height, evaluated with data from additional experimental fires
and wildfires [32].

Prescribed Burning Effects on Fire Behaviour,
Severity and Extent

Wildfire Case Studies

Data from individual wildfires, especially those carefully
monitored and well documented, tests PB effectiveness for
the weather conditions inherent to the PB planning process
and allow examination of the interaction between fuel reduc-
tion and fire suppression operations. High-intensity, fast-
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spreading and large wildfires are of particular interest for ob-
vious reasons.

Australia

The Pickering Brook Fire in South-Western Australia burned
27,700 ha driven by winds of 16 to 31 km hr ' and dead fuel
moisture contents between 4 and 9 %, with an average spread
rate of 2 km hr ' during its most active phase [33]. The fire
stopped by itself or was easily controlled in 1-2-year-old fuels
resulting from PB. Fire behaviour simulation indicated that
the fire would have reached the wildland-urban interface in
the absence of a PB programme, and its final size could have
been three times higher. In the same region, but under more
severe fire weather (air temperature 41 °C; relative humidity
12 %; wind speed 35 km hr '), 20- and 2-year-old fuels
contrasted in the level of exhibited fire behaviour, respectively
crown fire and low-intensity surface fire [3].

Several wildfires in Victoria burned nearly 0.5 million ha
and killed 173 people on the 7th of February 2009 (termed
‘Black Saturday’), of which the Kilmore East Fire was the
most significant in many respects and has been studied in
considerable detail [34]. Exceptionally, dry fuels and strong
winds combined to produce fire behaviour in the far extreme
of the spectrum, with rate of fire spread (impelled by short-
range spotting) and fireline intensity peaking at 9.2 km h™'
and 88,000 kW mfl, respectively, and spot fires ignited as far
as 33 km from the head of the fire. Only a few relatively small
(<200 ha) 1-2-year-old PB areas were in the path of the four
major Black Saturday fires, and not all of them presented
decreased fire severity, but satellite imagery showed patterns
of diminished fire severity for a few kilometres downwind of
the PB areas [3, 35]. Remotely sensed burn severity using
systematic sampling (500-m grid) was used to model the like-
lihoods of surface and crown fire in the Black Saturday fires as
a function of fuel age and fire danger classification [36]. Sur-
face fire probability was high for time since fire <10 years and
<6 years, respectively, under Low and Moderate fire danger,
but insignificant under Catastrophic danger.

USA

Recent studies in the USA evaluating the impact of PB on
wildfire severity have sampled treated and adjacent untreated
plots, as paired analysis in an attempt to neutralize confound-
ing effects of variable topography and weather. The 2006 Tri-
pod Complex Fires in Washington burned about 70,000 ha of
semi-arid mixed conifer forest under extreme weather in com-
plex terrain. These fires were influenced by numerous areas
where fuels had been reduced within the previous 6 years.
Crown scorch volume and burn severity were all significantly
lower in thin-PB areas in comparison with thinned and un-
treated areas, and the differences were especially marked for

larger (>20 cm dbh) trees [37]. Three years after the wildfire,
cumulative tree mortality in thin-PB units was 43 %, whereas
it reached 64 and 78 % in thin-only and untreated areas, re-
spectively; infestation of the live trees by bark beetles was also
lower in the thin-PB units [38].

Convincing evidence was found of substantially decreased
fire severity in areas thinned and prescribed burnt up to 9 years
before wildfire in Eastern and Southern California conifer
forests, with the authors stating that ‘quantitative assessments
of fuel treatment effects on fire severity in frequent-fire forest
types hardly merit further effort’ [39¢]. The analysis included
12 wildfires that occurred between 2005 and 2011 (varying
from 112 to 15,095 ha in size) in distinct landscapes and
weather scenarios (although generally dry and warm) that typ-
ically spread at 1-2 km h™' under moderate to high winds.
Metrics of burn severity in trees were much higher in untreat-
ed stands than in their treated counterparts; fire severity de-
clined with distance from the treatment edge and crowning
seldom extended beyond 70 m of the edge. The same set of
fires was used to compare short-term (2 years after fire) resil-
iency between treated and untreated plots [40]. Live-tree cov-
er, among other ecological attributes, was higher in treated
stands, which changed less due to wildfire than the untreated
stands.

The 2011 Wallow Fire burned 2165 km? and was the larg-
est fire ever recorded in Arizona. The density of fire-killed
trees was lower in treated stands by a factor of six, and high-
severity patch size was significantly smaller in a study con-
ducted on sites that had burned on fast spread days under 6 to
15 % minimum relative humidity and 38 to 68 km h™' max-
imum wind speeds [41]. Post-fire resilience was enhanced by
fuel reduction treatments; surviving tree density and size in
these areas was within natural variability and closer to refer-
ence conditions.

Another series of studies used the differenced normalized
burn ratio (ANBR) or its relative version (RANBR) calculated
from pre- and post-burn Landsat Thematic Mapper (TM) im-
agery to retrospectively assess and map burn severity. For
three fires in the Western USA (of which two approached or
exceeded 20,000 ha), remotely sensed fire severity was com-
bined with geospatial datasets and sequential autoregression
to deal with implicit spatial autocorrelation [42]. PB decreased
burn severity in conjunction with mechanical thinning, only
when thinning was present or irrespective of thinning. The
Tripod Complex Fires were revisited using a similar approach
[43]. Results showed poor correlation between fire severity
and treatment age and size, but fuel treatments that included
PB reduced burn severity even under extreme fire weather;
model explanation of burn severity increased from 76 to
93 % with the inclusion of treatment as an independent
variable.

In another case study in dry coniferous forest in Southern
Idaho where PB had been used within the previous 3 years,

@ Springer



122

Curr Forestry Rep (2015) 1:118-127

wildfire severity was significantly higher in untreated buffers
encircling the treated patches [44]. The authors modelled po-
tential wildfire severity in the untreated buffers from pre-fire
vegetative and topographic variables, applied the model to
treated units and obtained higher proportions of low, moderate
and high burn severity and lower proportion in the unburned
low class had PB not been implemented.

Cochrane et al. [45¢] developed a method that allows es-
timating spatially explicit probabilities of burning in the pres-
ence of fuel treatments. Wildfire growth is simulated with
FARSITE and calibrated to match the observed fire expan-
sion. Calculation and mapping of the change in burn proba-
bility caused by the treatments is enabled by comparison with
simulations for the same landscape, hypothetically untreated.
The methodology was exercised in 14 wildfires ranging in
size from 365 to 186,878 ha that occurred between 2002 and
2010 in nine US states; the percentage of treated landscape
varied from 5.3 to 57.1 %. The study did not individualize PB
from other treatments. On average, fuel treatments decreased
individual fire size by 7.2 %, and the observed change was
higher when higher fractions of the landscape were treated.
However, the variation in fire size change was high (—64 to
46 %), including three wildfires for which the treatments in-
creased wildfire size. For each hectare treated, burn probabil-
ity was changed (either increasing or decreasing) on 5 ha.
Nonetheless, where fire risk increased, the corresponding
probability was generally low. The reduction in area burned
was primarily a function of the likelihood of long-range spot-
ting, which in turn is mostly a function of crown fire activity.
The authors conclude that because of the variety of factors
involved, it is impossible to absolutely measure fuel treatment
effectiveness at the landscape scale.

Landscape- to Regional-Scale Studies

Analysis at spatial and time scales larger than individual wild-
fires is useful for evaluating the effectiveness of established
PB programmes. Most of the available studies come from
Australia, possibly reflecting both the widespread and contro-
versial usage of PB [46—48].

In the dry eucalypt forests of the Sydney region (40,
090 km?), the likelihood of a wildfire encountering a PB patch
younger than 6 years was 22 % (based on data from 1991 to
2000), about half of the probability of a wildfire-wildfire in-
teraction [49]. Two thirds of the PB-wildfire interactions re-
sulted in wildfire containment at the edge (18 %) or within the
patch (44 %). The burn leverage [50] effect of PB (or its return
for effort) quantifies how much unplanned burned area is re-
duced per unit area of PB or, more generally, the unit reduction
in fire area produced by one unit of antecedent fire. Leverage
is expected to increase with fire incidence, the average fraction
of the landscape that burns every year [51¢]. In the Sydney
region, PB accounted for 13 % of the total burned area in
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30 years, with a leverage of 0.33 (controlled for annual vari-
ation in fire weather), i.e. three prescribed burnt ha were re-
quired to reduce wildfire area by 1 ha [52].

Boer et al. [53] provided the most comprehensive analysis
to date of the effects of PB on wildfire activity. The study was
conducted in the 9300-km* Warren Region in the high-rainfall
(700-1400 mm year ') zone of South-Western Australia,
which is predominantly open eucalypt forest, using data from
1953 to 2004. PB accounted for 82 % of the annual area burnt
in the region, with an annual treatment effort of 7-9 % of the
landscape, which is substantially higher than in South-Eastern
Australia. The effect of PB on wildfire activity was negligible
beyond 6-years post-treatment, which is consistent with fuel
dynamics [17] and observed fire behaviour [31¢]. Annual PB
area explained 71 % of wildfire area variability—both aver-
aged over 6-year intervals—with a leverage of 0.25, similar to
South-Eastern Australia. Over the study period, the incidence
of large fires (100 to 10,000 ha) responded to variation in PB
effort, with increases following decreases in the amount of
area treated. Interestingly, PB effectiveness in decreasing
wildfire area was stronger in years during which wildfire ex-
tent was uncommonly high. Higher connectivity between old
(>6 years) fuel patches and lower perimeter-area-ratio of those
patches (i.e. lower edge complexity) tended to increase wild-
fire extent. In February 2015, the region was affected by
the lightning-ignited Northcliffe Fire, the largest since
1961, which burned 97,000 ha through >15-year-old
fuels in tall eucalypt forest but was hindered by 3-
year-old fuels in its southerly spread; last rainfall had
occurred more than 2 months before the fire; daily min-
imum dead fine fuel moisture contents and maximum
wind speeds reached 6-7 % and 33—46 km h™', and fire
danger classification was high to very high (L. McCaw,
personal correspondence).

The Osceola National Forest in North Central Florida (93,
000 ha) has a frequent (2-5 years) PB programme with an
approximate annual target of 14 % of its pine forest. For the
1998-2008 period, analysis of Landsat imagery showed PB
reduced the likelihood of high burn severity up to 5 years post-
treatment [54].

Butry [55] used an econometric approach through propen-
sity score matching models to quantify the returns of fire man-
agement (PB and fire suppression) in the St. Johns River Wa-
ter Management District in Northeast Florida (1700 km?) from
1996 to 2001. The author quantified the effect of PB area on
fireline intensity (inferred from flame length recorded during
fire control operations) weighted by unit area and found that ‘a
1 % increase in prescribed fire acres yields a 0.0138 % de-
crease in wildfire intensity-acres” and that ‘for every $1 spent
on prescribed fire treatments, $1.53 in wildfire damage was
avoided’. The impact of PB on wildfire extent and intensity
was deemed to persist for 3 years since treatment and was
significant only where fire suppression response time was
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not, suggesting that PB and fire fighting are alternatives rather
than complements.

Price et al. [51¢] assessed burn leverage in the Sequoia and
Kings Canyon National Park (74,100 ha) in Central California
using data from 1945 to 2011. Fire management changed in
1968 to accommodate wildland fire use (see next section).
Post-1968 annual burned area was low (1 %, of which half
was PB) with nil leverage. The result was probably condi-
tioned by different fire suppression responses in years of
below- and above-average fire activity and spatially non-
random fire management.

A fire management programme that restores/adapts tradi-
tional aboriginal burning practices has been in place since
2005 in the savannah woodlands of Western Arnhem Land
(Northern Australia, 24,000 kmz), to decrease the surface
burned by late dry-season fires and the associated fire severity
and carbon emissions [10]. Early dry-season PB succeeded in
decreasing the annual burnt fraction of the landscape from 38
to 30 %, especially of late dry-season fires (29 to 12.5 %), as
assessed from Landsat imagery for the period of 1990 to 2009,
with a burn leverage of 0.9 [56], and cut carbon emissions by
38 % [10]. In the Amhem Land (56,000 km?), there is a 92 %
probability of very large (110 to 2300 km?) fires stopping at
the edge of early dry-season fires [57]. In the same region, the
probability of severe fire (i.e. high crown scorch height) in-
creased with time since fire, from 3 to 8 % and from 21 to
43 %, at 1 and 5 years after burning, for early dry- and late dry-
season fires, respectively.

PB is a relevant component of fire management in Kruger
National Park (18,000 km? in size) in North-Eastern South
Africa. Fuels, as in Northern Australia, are grass dominated
but leverage based on records from 1957 to 2012 is non-
existent [51¢], which was credited to rainfall patterns, herbi-
vore pressure and rotational burning whereby new and previ-
ous PB patches seldom ‘meet’ for at least 3 years.

Spinifex grasslands of the Great and Little Sandy Desert
bioregions of Western Australia (46,000 km?) burn at an an-
nual average rate of 9.7 % based on satellite-based mapping
for the period 1999 to 2010 [58]. Mean and median fire sizes
are lower by one order of magnitude under the aboriginal
burning regime versus the lightning regime; less variation in
fire size and a smaller than expected number of fires >100 ha
also characterize the aboriginal regime. Using the same data-
base, a leverage value of 0.34 was obtained, not distinguishing
between the two causes of fire [51¢].

PB comprised 4.6 to 32.4 % of the total surface burned over
33 to 37 years in 10 protected areas (totalizing 0.73 million ha)
of fynbos, the mediterranean-type shrublands of South
Africa’s southeast corner [59]. Fire frequency analysis in-
dicated a weak effect of time since fire on burn proba-
bility, with median fire return intervals of 10 to 21 years.
The influence of PB on overall fire frequency was
judged irrelevant [7, 59].

Wildfires as Fuel Treatments

The spatial extent of PB treatments is critical regarding the
disruption of wildfire rate of growth and the consequent de-
crease in area burned, as shown by the previously discussed
leverage studies. Comparison of wildfire size and severity on
areas where fuel accumulation has reached pre-burn levels
with those still recovering provides useful insights on the ef-
fectiveness of large-scale PB, as a wildfire can be thought of
as an unplanned treatment from the point of view of fuel
management [45+¢]. An obvious caveat of this approach is that
PB and wildfire typically occur under different weather and
drought conditions and have distinct impacts on vegetation.
Consequently, PB and wildfire are likely to differ in regards to
fuel consumption, fuel creation (e.g. transition of live to dead
fuels) and post-fire fuel recovery rates.

A few studies in the USA have recently addressed how fire
size or fire severity are affected by previous wildfires, mostly
in wilderness areas and national parks with ‘wildland fire use’
programmes that began in the early 1970s (i.e. where naturally
ignited fires are allowed to burn for resource benefits if they
do not pose a threat to assets and communities [60, 61]). One
such area is the Yosemite National Park (located in the Sierra
Nevada mountains of Central California), where fires are
smaller, less of the landscape is burned by high-severity fire
and high-severity patches are smaller in comparison with oth-
er Californian regions (Southern Cascades and the Modoc
Plateau) that are under a different fire management policy
[60]. Because of the length of time, the wildland fire use
policy has been in effect in Yosemite, free-burning fires in
mixed conifer forest types are now self-limiting: both fire size
and fire severity are inhibited by recently burned areas, which
under non-extreme weather conditions are very effective bar-
riers to fire spread for up to 8 years after fire [62]. Also,
consecutive overlapping fires tended to burn with similar se-
verity in the [llilouette Creek basin of Yosemite, with a 9-year
old fuel age threshold for increased fire severity [61]. The
2013 Rim Fire in Yosemite burned 100,000 ha, of which 30,
000 ha or approximately a third occurred inside the park,
where irrespective of other factors, burn severity was moder-
ate to high (55 % of the number of field plots) in days with
strong convective activity but generally low under similar
weather conditions when time since fire was <14 years [63].
In three wilderness areas in Montana and Idaho (totalling
about 5 million ha), fire size increased with time since fire,
especially after 6 years, and overlapping between consecutive
fires was more likely in large fire years but nevertheless was
minimal [64]. Growth of the Tripod Complex Fires was
bounded by fires that had occurred 5 to 12 years before [43].

A satellite-based assessment of 117 fires occurring between
1994 and 2008 in two wilderness areas, one in Western New
Mexico (3190 km?) and the other in Central Idaho
(9574 km?), revealed lower fire severity in areas experiencing
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at least two fires versus areas burnt only once, an effect that
persisted for approximately 22 years after fire [65]. Also, burn
severity tended to increase with time since fire, as well as with
the severity of the preceding fire, possibly because of forest
conversion to shrubland [61]. In these two areas, plus one in
Western Montana (10,331 km?) and another in North Central
Idaho (5471 km?), an assessment was made of whether, and to
what extent, antecedent fire activity impeded wildfire spread,
using fire growth mapping and accounting for the effect of
weather [66°]. The study identified 1038 fires in the period
from 1972 to 2012, of which 60 % interacted with subsequent
fires. Wildfires interrupted the expansion of subsequent fires
for 6 and 14 years, respectively, in the driest and wetter areas,
an effect that declined with time and was moderated by severe
fire weather.

Haire et al. [67] analysed the distribution of fire sizes for
the years 1984 to 2007 in the Western USA (Southwest, Sierra
Nevada and Northern Rockies regions). In contrast to the
aforementioned studies, no evidence was found of a decrease
in the relative importance of large fires across the wilderness
gradient, except in the Southwest. The authors suggest that a
longer time frame is needed to reach any robust conclusions.

A particular environment characterized by strong and dry
autumn winds drives most large fires in Southern California
[68], limiting the usefulness of fuel-break networks to wildfire
control operations [69]. Recently burned chaparral areas typ-
ically reburn under those conditions. Twenty-five percent of
the area burned by the 2007 fires corresponded to fuel ages up
to 5 years, including overlap with the large fires of 2003 [70].
This, and the fact that little fire-on-fire interaction occurs be-
cause only 2 % of the landscape burns annually, explains why
leverage is zero in Southern California [71]. The fuel age
dependency of fire spread is also short-lived in other mediter-
ranean climate shrub-dominated landscapes, namely in South
Africa, previously mentioned [59], and in Portugal [72]. In the
latter case (with a land mass of 89,000 km?), the median fire-
free interval for areas that burned twice or more during the
period 1975 to 2008 was 13 to 19 years, depending on region;
larger fires, or fires occurring under severe fire weather con-
ditions, were slightly less constrained by young fuels but on
the other hand, selected increasingly older vegetation. Burn
leverage in Portugal (0.9) is substantially higher than expected
from the % annual area burnt, which might be related with
non-random spatial incidence of fire due to topographic
breaks and vegetation fragmentation [51¢].

The likelihood that past fire mitigates future fire spread and
intensity ultimately depends on the coincidence and interac-
tion between available fuel—a combined function of burnable
biomass and its dryness and weather conducive to fire spread
and ignition density [73]. The relative role of fuel and climate-
weather changes along the productivity gradient. Fire activity
is more dependent on suitable weather and drought conditions
where fuels are plentiful and recover quickly after disturbance,
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whereas in less productive regions, it is regulated by fuel
amount and connectivity [74]. A study by O’Donnell et al.
[75] provides a vivid example of a fuel-limited fire regime:
semi-arid mediterranean shrublands and woodlands in the 1.5
million ha Lake Johnston region of South-Western Australia,
that rarely burns within 20 years of the last fire, regardless of
fire size and even under extreme fire weather conditions.

Conclusions

PB effectiveness is dependent on treatment longevity, effort
(i.e. % area treated), spatial patterns and location in relation to
subsequent wildfires, plus vegetation type, topography and
weather. The criteria and metrics used to assess the effective-
ness of PB as a fuel treatment can vary depending on its
objectives, which broadly range from protecting human life
and property to mitigating against the negative environmental
impacts of wildfire.

The area burned by wildfire is often the main criteria used
in assessing the success of fire management. PB treatment
presumably decreases the spread rate and intensity of subse-
quent wildfire occurrences. However, in more productive re-
gions, benefits to fire suppression that would result in smaller
fires and overall decreases in the extent of wildfires may be
irrelevant under extreme fire weather conditions beyond a few
years after treatment (e.g. 5—6 years in forest). Then, it is not
surprising that current evidence suggests that the influence of
PB on unplanned fire extent is weak to non-existent unless a
substantial part (5-10 %) of the landscape is treated annually.
Atbest, as indicated by leverage studies, PB will replace wild-
fire area. Given the relatively low return for effort of PB, it is
crucial to carefully consider its spatial patterns [22], namely
by using adequate optimization methods [76]. Insufficient re-
sources and other constraints can easily preclude treatment of
the required fraction of the landscape for PB to have a tangible
effect on wildfire extent. Under these circumstances, priority
should be given to the strategic placement of treatments in the
vicinity of areas of perceived high value like wildland-urban
interfaces [49, 77]. Because of the difficulty in carrying out
fuel treatments at the required scale, a flexible response to
unplanned fire has been recently proposed as a fire manage-
ment option for the Mediterranean Basin [6, 78, 79].

The mitigating effect of PB on fire severity both at the
stand- and landscape scale is seemingly settled, especially
where the subject has been addressed more thoroughly and
through complementary approaches, for example in the coni-
fer forests of the Southern and Western USA. This has been
made possible by methodological and analytical advances,
including the consideration of wildfire as a surrogate fuel
treatment. On-the-ground evaluation of fire severity modifica-
tion is now ordinarily based on paired treated-untreated plots
to minimize the influence of weather and topography
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variability in confounding the resultant interpretations. Burn
severity classification and mapping from satellite imagery,
assisted by adequate statistical analysis techniques, is more
and more used to study the effects of PB at large spatial scales
and brought obvious improvements in relation to the sampling
and inference limitations that characterized previous studies.

In spite of the advances made in the past few years, the
evaluation of PB effectiveness will remain a challenge in most
ecosystems, both from the scientist and decision-maker per-
spectives, especially as climate change will facilitate more
extreme fire events. As mentioned by McCaw [3], ‘... no
single line of evidence is likely to be sufficiently robust or free
from bias to adequately quantify the effectiveness of fuel re-
duction burning. Bias may be introduced by imperfect knowl-
edge of fire behaviour, and by the opinions of the investigators
themselves. An integrated approach that draws on a broad
range of indicators offers the best way forward’. Assessing
the decrease in high-intensity (or high-severity) fire in treated
areas is emerging as a more meaningful and realistic objective
than quantifying the putative decrease in area burned caused
by PB. Future research should target more systematic collec-
tion of fire behaviour data during on-going wildfires in PB
areas, especially in shrublands and other open vegetation
types where the absence of tall trees precludes the analysis
of changes in fire severity.
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