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Learning to coexist
with wildfire
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Justin Leonard®, Sarah McCaffrey®, Dennis C. Odion’, Tania Schoennagel® & Alexandra D. Syphard’

The impacts of escalating wildfire in many regions — the lives and homes lost, the expense of suppression and the damage
to ecosystem services — necessitate a more sustainable coexistence with wildfire. Climate change and continued develop-
ment on fire-prone landscapes will only compound current problems. Emerging strategies for managing ecosystems and
mitigating risks to human communities provide some hope, although greater recognition of their inherent variation
and links is crucial. Without a more integrated framework, fire will never operate as a natural ecosystem process, and
the impact on society will continue to grow. A more coordinated approach to risk management and land-use planning

in these coupled systems is needed.

communities and the ecosystems on which we depend'. Although

humans sometimes intentionally ignite and manage fires, our main
focus is on fighting them. For other natural hazards, such as earthquakes,
hurricanes and floods, there is much more emphasis on identifying vul-
nerabilities and adaptations. The ‘command and control’ approach’
typically used in fire management neglects the fundamental role that fire
regimes have in sustaining biodiversity and key ecosystem services® .
Unless people view and plan for fire as an inevitable and natural process,
it will continue to have serious consequences for both social and ecologi-
cal systems.

Over the past two decades, wildfires around the world have increasingly
affected human values (for example, lives, views or sacred environments)
and assets (for example, damage to homes or public infrastructure) and
ecosystem services (for example, air quality and long-term carbon stor-
age). The growing list of negative outcomes and their financial effects have
complex causes and consequences’. The natural range of fire sizes and
resultant frequencies, timings and intensities — the ‘fire regime’ — var-
ies greatly among ecosystems, as do the ways in which human activities
have altered them (for example, through timber harvesting, fire suppres-
sion, urban or agricultural encroachment, novel ignition patterns and
invasive species). Not surprisingly, policy strategies to address wildfires
often emphasize fuel reduction®. However, even where strategies rec-
ognize interacting cultural, environmental and economic dimensions
of wildfire'*"?, few tackle the difficult land-use issue of where and how
humans choose to build their communities in the first place. The prospect
of widely increasing fire activity with climate change® intensifies the need
for a new path forward.

Viewing fire-related problems in the context of coupled socioecologi-
cal systems (SESs)", which explicitly recognize links between humans
and their natural environments, provides insights into achieving a more
sustainable coexistence with wildfire. We have learned a great deal about
fire as an essential ecosystem process and the human dimensions of living
on fire-prone landscapes. Synthesis of this knowledge through a coupled
systems approach can highlight specific vulnerabilities and trade-offs, and
facilitate adaptation strategies across widely varying public and private

] :ire is unique among the natural hazards that affect human

landscapes (Fig. 1). In this Review, we summarize research on fire-prone
ecosystems and fire effects on human communities through the lens of
SESs, identify links in these coupled systems, and discuss recommenda-
tions for greater resilience. We emphasize insights from three regions
(Fig. 2) where major fire-related losses have occurred in recent decades:
the Mediterranean basin, the western United States and Australia.

Socioecological systems and fire

Sustainable solutions to most environmental problems will be impossible
if the links and interdependencies between humans and ecosystems are
ignored". In the context of wildfire, the most well-developed SES research
that incorporates this coupling concerns climate-change effects on Alas-
kan boreal forest ecosystems and rural indigenous communities'>'®. Case
studies in rural communities of New Zealand'” and California'® also exist.
Remarkably, a coupled wildfire SES framework has yet to be adopted
for the more densely developed wildland-urban interface (WUTI; area
in which communities intermix with or abut natural vegetation), where
most of the human fatalities, home losses and fire-suppression expendi-
tures occur.

The complexity of how wildfire operates in different ecosystems and
how humans interact with it indicates that place-based hazards and risks
should be addressed as a coupled SES'*". Reframing the problem to mini-
mize harmful effects as the climate changes and humans increasingly
inhabit fire-prone landscapes identifies an integrated set of coupled SES
linkages (Fig. 1). Importantly, this allows us to recognize how the geo-
graphic context of the coupling itself contributes to impacts and losses of
assets throughout the wildfire SES. Local characteristics of the WUI, and
the components on either side of it, will largely determine the degree to
which fire may be accommodated and how communities will be affected.
The spatial scale of the coupling may also be broad in some cases, such
as when fires compromise recreation values (for example, trail access,
camping facilities or fishing habitat) and water supplies of distant urban-
ized areas, or when concerns over human exposure to drifting smoke
influence management decisions about fires that are burning relatively far
away. Although this framing does not intrinsically address connections
between fire and global-scale climate change mitigation'*'**, it helps to
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reveal geographically relevant solutions for decreasing harmful effects and
increasing the positive benefits of fire on the landscape. The institutional
complexity that underlies many aspects of this coupled SES framework
— agency mandates, property rights, building ordinances, indigenous
governance, economic subsidies and political pressures — will also feed
into a particular set of solutions, often creating challenging constraints.

Sustainable coexistence with wildfire is both a process and a long-term
goal, such that policy, planning and management are adapted and refined
through time (Fig. 1). Responsibility must be shared between govern-
ments and the people at risk, and the approach integrates building, plan-
ning, fuel management, suppression capability, and knowledge of fire
and ecosystem dynamics at different scales. Coexistence with wildfire
should ultimately allow ecologically appropriate fire regimes to operate
on landscapes near and far from the WUI, with relatively low risks to
people, property and resources, while also allowing us to enjoy ecosystem
services enhanced by fire (for example, habitat maintenance, potential
hazard reduction, natural hydrologic functioning, and carbon and nutri-
ent cycling). This outcome should also reduce the costs of fire suppression
and the need to put firefighters at risk.

Fire and ecosystems

The role of fire in different ecosystems varies by the degree of cur-
rent landscape modification, relative to natural or historical patterns
and processes. Some regions have large expanses of semi-wilderness
where maintenance or restoration of certain fire regimes is crucial to
ongoing habitat characteristics or ecosystem services (for example,
the western United States and Australia). Here the links between fire
characteristics and ensuing ecological effects, or fire ‘severity’, are
often emphasized. Other regions have been so completely altered for
various human needs that what is ‘natural’ is no longer a clear con-
sideration (for example, the Mediterranean basin). Furthermore, cli-
matic controls on fire regimes (for example, frequency of droughts or
high-wind events, or length of fire season) tend to dominate in some
ecosystems, whereas local controls (for example, topography, fuel
loads and ignitions) strongly influence others. Fire resilience is thus
context-dependent, varying with the biophysical environment and
desired future conditions. Accordingly, our capacity to avoid eco-
system degradation and catastrophic shifts* (Fig. 1) depends on the
ecosystem in question and how climate change will manifest there.

Mediterranean basin

Mediterranean landscapes are mosaics of various shrublands and oak-
and pine-dominated woodlands intermixed with extensive pastures,
cultivated lands and abandoned agricultural fields™. Despite fire’s eco-
logical influence there”, no reference conditions exist for fire manage-
ment or restoration, and traditional use of fire for rangeland and game
management has strongly influenced historical landscape dynamics™.
Pronounced biophysical and land-use gradients have recently resulted
in contrasting fire and vegetation dynamics. The southern and eastern
regions are subject to land over-exploitation and reduction in vegeta-
tion cover that increases the risk of desertification and loss of ecosystem
services. By contrast, socioeconomic drivers are increasing fire hazards
and losses over Mediterranean Europe (northern region) owing to rural
depopulation, increased WUI exposure and land-cover changes that are
sometimes promoted through afforestation policies*. Most shrublands
and woodlands in the northern region are becoming dense enough to
support climate-driven high-intensity ‘crown’ fires**.

Wildfire in European Union countries is addressed in national and
regional forest policy plans, but consensus on fire and ecosystem manage-
ment islacking. In spite of large expenditures, increased preparedness and
greater firefighting abilities, extreme fire-weather conditions have caused
devastating fires in several Mediterranean countries™. A new framework
to regulate and promote traditional fire practices, accommodating diverse
territorial contexts and operational use of fire, has thus been advocated”.
Currently limited to local management, prescribed burning is increasing
across Europe as a tool that aims to reduce fuel loads and diminish the
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Figure 1 | Links and pathways to resilience in coupled socioecological
systems affected by fire. Coexistence with wildfire is strongly influenced
by the type of natural fire regimes that operate on a given landscape, and

the degree to which communities can reduce exposure and vulnerabilities
there. The wildland-urban interface (WUI) is the spatial manifestation of
the coupling, and the most proximate scale of exposure and risk mitigation.
To learn from and minimize the harmful effects of fire in both the ecosystem
and the community, links between systems and scales of interactions must
be recognized. Doing so will trigger, through research and in response to
changing social values and political context, further adaptation and change in
policy, planning and management.

risk of high-intensity fires®. Modest changes to regional and national
wildfire policies have therefore included long-term preventive actions,
but fire management is still primarily centred on short-term fuel- and
suppression-oriented measures’. There are concerns over the ecological
consequences of recent fire patterns™, but human-centred fire exclusion
generally prevails on most Mediterranean-basin landscapes.

Western United States

Fire management in many western US ecosystems is informed by
research on the historical role of fire”’, especially through dendro-
chronology’ and landscape reconstructions®. Before modern man-
agement, different types of fire occurred among vegetation types and
maintained important natural structures and functions, with great
variation geographically™”* .

In western US forests, high-severity fires that kill overstory trees
are typical of cool, high-elevation, subalpine environments®**.
Although severe fires may seem catastrophic from a human perspec-
tive, in these forests they stimulate vegetation regeneration, promote
landscape diversity in terms of vegetation types, provide habitat for
many species and sustain other ecosystem services’. The many organ-
isms and propagules that may survive the fire, combined with hetero-
geneity in age, structure and species composition across landscapes,
confer resilience against shifts to non-forest types. High-severity
fires predominate across about 30% of western US forests, natu-
rally mixing with low-severity fires through time and space across
another ~45%". Key regional controls of high-severity fire regimes
are extreme drought and high winds”, and local (for example, topo-
graphic) influences on severity patterns can emerge during less dry
conditions®. Fuels tend to be naturally abundant in these ecosystems,
so modern fire suppression may have decreased historical levels of
landscape fragmentation, but it has not increased fuel loads™”.

By contrast, many dry and mesic, low-elevation and mid-montane
forests historically experienced more frequent low-severity fires
that maintained relatively open forest structures of fire-resistant
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Figure 2 | Area burned patterns and locations of fire-prone regions. The cumulative area burned between 1996 and 2012 in millions of hectares (Mha) per
mapped cell. The western US region consists of the 11 western states in the conterminous United States (left), the Mediterranean basin (middle) contains the
Mediterranean-climate biomes and the Australian region (right) encompasses the entire continent (see Supplementary Information).

trees™***’, across about 25% of western US forests™. Ignition pat-

terns, vegetation structure and fuel amount exert a strong control on
regimes of frequent low-severity fire, making them more sensitive
to modern human perturbations and also more amenable to fuel-
management techniques™*™*'. Unlike high-severity fire regimes,
timber harvesting and decades of fire suppression in drier forests
have lengthened intervals, increased densities of smaller trees and
shifted regimes of mostly low-severity fires to include more high-
severity, stand-replacing fires. The extent to which this has happened
is a topic of debate, raising questions about how widespread ‘mixed
severity’ fire regimes were prehistorically’>***. Regardless, reducing
accumulated fuels in these forests is often a high management prior-
ity. Only where such departures from natural fire regimes have led
to denser, multilayered, fire-intolerant forests, however, may fuel-
reduction treatments restore more characteristic forest structure and
function (Box 1).

There is a general consensus regarding the importance of fire,
including the need for prescribed burning, to maintain native
grasslands and open woodlands. Woody plant encroachment in
many ecosystems with sparse tree cover, driven by a lack of fire and
replacement of native herbivores, has reduced plant biodiversity,
altered vegetation structure and threatened the fauna that depend
on those habitats****. Fire also plays a crucial part in regeneration
for some of the vast shrublands of the western United States, espe-
cially California’s densely urbanized chaparral ecosystems. Similar
to high-elevation forests, fire in chaparral is stand-replacing and
under strong climatic control (patterns of drought and extreme
fire weather)*, meaning that fuel-reduction efforts have limited
effect except in strategic locations*®". Increased fire frequencies,
due to abundant human ignitions and non-native grasses that sup-
port rapid reburning, threaten to convert many native shrublands
to degraded habitats*. Invasive grasses also cause very frequent
and often large fires across parts of the Great Basin in the western
United States™*, driven by the ‘grass-fire cycle’ positive feedback™
and bringing serious management challenges even to fire-sensitive
desert ecosystems™".

Australia

Fire is ubiquitous in Australian ecosystems, including deserts and tropical
forests, and a wide range of fire regimes have been mapped using remote
sensing™. Annual pulses of relatively intense fire dominate the extensive
savannahs of northern Australia, with less frequent, massive fires in the
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arid zone occurring after above-average rainfall. By contrast, large fires in
the temperate forests of the south, although intense, are less extensive and
also less regular (decadal occurrence). Biophysical models of fire-regime
controls™ and analysis of trade-offs in fuel characteristics and fire types™
confirm the primary role of climate, especially the gradient in summer
monsoonal precipitation. Thus, fire frequencies tend to vary with latitude,
decreasing towards the south and especially the arid interior. Most fire activ-
ity on the Australian continent is in grass fuels and of relatively low intensity.

Although palaeo-charcoal deposits document fire’s very long history
in Australia®, fine-scale understanding of fire-regime variability through
dendrochronology is generally lacking, hindering detailed perspectives
on long-term variations in fire regimes. Comprehensive fire management
initiatives focus on key environmental objectives, such as biodiversity
conservation” and emissions reduction™, as a function of local context.
Maintenance of contemporary fire regimes for biodiversity conservation
is a priority in most regions, as opposed to the emphasis on restoration
that dominates western US approaches.

Australias productive eucalyptus forests, which can burn at very high
intensities and low—moderate frequencies, are largely restricted to south-
ern and eastern edges of the continent. Although these forests are char-
acteristically Australian, their proximity to urbanized areas has probably
fed the continent’s reputation for high-intensity fire events (see ‘Where do
peoplelive?’). Debates over the degree to which fuel reduction, whether by
mechanical or prescribed fire treatment, can alter the probabilities of high-
intensity events”* are similar to those that occur for western US forests.

Prescribed burning in Australia is extensive, but controversial. Fuel
reduction burning can partially reduce risk to human life and economic
assets, although trade-offs with risks to environmental assets such as
biodiversity and ecosystem services are not well understood™*. How-
ever, functional responses of species to fire frequencies, sizes, timings
and intensities provide a measurable basis for predicting how ecological
diversity will respond to management and climate change®*".

Resilience and climate change

Ecosystem managers in the three regions covered here (Fig. 2) may have
limited ability to alter the numbers, sizes and characteristics of fires
occurring in different ecosystems™****’. As already discussed, this is
because coarse-scale climatic influences tend to control fire regimes
in many ecosystems, especially those that are naturally prone to large
and high-severity fires. Except under the most extreme conditions,
fire regimes typically constrained by more local-scale controls, such
as ignition frequencies and biomass accumulation rates, may respond
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more strongly to prescribed fire and mechanical fuel reductions. This
characterization of two opposing types of fire regimes is, however, a vast
over-simplification — idealized end points along a spectrum of varia-
tion within and between fire-prone ecosystems®” — and management
prescriptions need to somehow accommodate such complexity. Fur-
thermore, fire-related sensitivities and responses vary among plant and
animal species, so fire management for the persistence of one important
group of organisms may not favour that of the others.

The potential for climate change to cause ‘novel’ or ‘no analogue’
environmental conditions in some ecosystems presents new chal-
lenges for management, policy and planning. An obvious goal is to
have ongoing fire regimes that minimize the risk of biodiversity loss™.
Yet, what adaptation responses are appropriate (Fig. 1) if we do not
know how future climates and related biophysical processes will differ
from the recent past? These uncertainties have resulted in somewhat
similar recommendations about fire and ecosystem resilience® .
Heterogeneity in vegetation types, stand structures and successional
age classes at all spatial scales and environmental settings is emerging
as a strategy for enhancing ecosystem resilience to climate change.
This essentially facilitates diverse initial conditions for multiple future
ecological trajectories, the most likely and successful of which will
not be known for decades. The role of diverse topography in creat-
ing microclimate refugia, or ‘holdouts'®, as well as in influencing fire
sizes and severity characteristics within large fires®**’, comprises the
physical template for resilience in more mountainous regions. In eco-
systems with a recent paucity of burning, fire management that fosters
burning under diverse conditions may be useful for achieving this
desired heterogeneity and reducing fuel accumulations*'. Not all fire-
generated heterogeneity is ecologically significant, however, so under-
standing the effects of specific types of ‘pyrodiversity’ is important®.

Where do people live?

The WUTI is the most proximate spatial manifestation of the cou-
pling in a wildfire SES (Fig. 1). Understanding and addressing vul-
nerabilities related to the WUT in fire-prone areas is therefore crucial
to long-term solutions. As distances between urbanized areas and
those protected from development decrease globally®, a growing
WUI will expand the scope of coupling in wildfire SESs worldwide.
Negative fire effects that were once due to ‘distant’ fires (for example,
the impacts of smoke on human health) will be increasingly common,
making coexistence with wildfire much more challenging.

REVIEW

The current WUI of the western United States is relatively well
characterized, with over 60% expansion since 1970 (ref. 70) and about
70% in private ownership’'. The WUI in this region also predomi-
nantly occurs where fire severities are high”. Only 14% of private
land in the western US WUT is developed, so substantial increases
in human exposure to fire may occur as the remaining portions
become populated”. Although less well characterized, there is grow-
ing awareness of expanding WUI in Mediterranean Europe**”*”* and
Australia"”.

Global systematic analyses of human settlement in fire-prone envi-
ronments is important, but lacking’®. Coarse-scale characterization of
how population densities relate to various fire-prone environments
(Fig. 3) provides some insight. Although often characterized as a
‘forest fire’ problem, western US patterns indicate that highly fire-
prone locations with large numbers of people tend to be associated
with sparse or no tree cover (for example, the chaparral shrublands of
southern California); locations with both high population densities
and denser forests exhibit the least area burned (Fig. 3, left). Australia
exhibits greater area burned over a broader range of environments,
with intermediate population densities being more fire-prone regard-
less of the amount of forest cover (Fig. 3, middle). The Mediterranean
basin is unique because the greatest area burned coincides with the
highest population densities (Fig. 3, right), although this too occurs
in locations with relatively low forest cover (for example, abandoned
agricultural lands™).

Acknowledging the diversity of the fire-prone environments and
vegetation types where people live is important, because it has impli-
cations for the types of fuel treatments that may or may not work to
mitigate fire hazards within or near the WUT, and it could help to
guide future resource allocation decisions (for example, among vegeta-
tion removal, evacuation planning and home vulnerability retrofits)””.
Awareness of the institutional and social diversity of different human
communities is also important, as we discuss in the next section,
because it influences their capacity for preparation and mitigation of
hazards such as wildfires'®.

Fire and human communities

This section reviews research on how fires affect human communi-
ties and is organized by the scale of coupling in a wildfire SES (Fig. 1),
ranging from individuals to landscapes. Social science research on
wildfire, primarily undertaken in Australia and the United States,

BOX1

What can ‘thinning’ of fuels achieve?

There is intense pressure on land-management agencies to reduce
fire hazards (for example, rates of spread or flame lengths if a fire
occurs). Treatments should be prioritized, however, where they may
help to protect communities or reduce fuel loads in the areas that
are most likely to experience uncharacteristically severe burns®®’%,
Mechanical fuel-reduction treatments are most suited to certain dry
and fire-prone mesic forests®3°*177 where thinning the density of
smaller understory trees and removing surface fuel residues (non-
merchantable tree tops and limbs) created by these treatments
can reduce fire intensities and rates of spread*’. Not treating the
additional surface-fuel by-products can actually increase fire
intensity and severity when a wildfire does occur®’.

Some of the most basic trade-offs that limit the widespread use
of mechanical fuel reductions involve their economic viability. Often,
larger commercial trees will be harvested to help offset operational
costs, but this typically generates more surface-fuel residues.
Moreover, opening up the overstory canopy and increasing sunlight
penetration can increase growth of highly flammable understory

vegetation. Controlling this growth response is an ongoing endeavour,
the economic feasibility of which is unknown.

Uncertainty about when and where treatments might actually
perform as desired must also be considered. Although there are
many examples of fuel treatments reducing fire behaviour when
conditions are not extreme, recently treated forests can experience a
stand-replacing crown fire when wind speeds exceed 30 km h™ and
when fuel moisture is low!%. When the probability of fire occurring
in a particular area is relatively low, the odds of a fuel treatment
influencing the behaviour of a wildfire there, within the time frame
that treatments are effective, is also low!%. The degree of protection
provided by a particular mechanical treatment may thus depend on
uncertain parameters (for example, ignition patterns and extreme
wind frequencies).

In many areas, ecological restoration and fuel-management goals
may be best balanced and accomplished through fire**!, which
creates natural heterogeneity and provides for fire-dependent
species.
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Figure 3 | Relationship between forest cover, population density and
area burned in fire-prone regions. Locations with both higher human
populations and greater amounts of burning tend not to be consistently
characterized by high forest cover. Patterns vary greatly among regions,
reflecting the different contexts in which each side of the wildfire
socioecological system have intersected. (Data were aggregated from

is relatively sparse and not easily generalized. Work in the United
States emphasizes social acceptance of techniques to mitigate fire
risk (for example, fuel reduction on public and private lands) and,
more recently, public response during and after fires’®. In Australia,
where many people do not evacuate during fires, risk perception,
homeowner preparedness and response during fires, and commu-
nity safety”” are key areas of research. We also include studies outside
the social sciences that have examined the role of vegetation and fuel
treatments linked with losses and the built environment itself.

Risk perception and public response
Public response to wildfire is shaped by numerous factors, such as local
context and individual personality and experience, so simple explanations
for action or inaction do not exist. For instance, many researchers and
managers assume that individuals do not understand fire risk. But US
studies show that most people living in high-fire-risk areas understand
their exposure, but there is a tenuous link between understanding risk and
taking action to mitigate it; whereas recognizing risk might be necessary
to consider mitigation, perceived efficacy of mitigation and resource con-
straints can be more influential®. Similarly, whereas around 80% of people
in the fire risk areas of Victoria, Australia, know they are in a hazardous
area®, this does not necessarily translate to safer actions. After the devas-
tating 2009 Black Saturday fires in Victoria, most people in high-fire-risk
areas were aware of what new fire warnings meant and how to ensure their
safety, but few acted on the knowledge when the highest-level warning
wasissued®. A deeper understanding of the influences on preparedness,
evacuation decisions and support for hazard mitigation is needed.
Specific cultural and institutional systems affect public response to
wildfire, as do psychological and social dynamics. For example, insti-
tutional structures in the United States and Australia are quite different,
but key social dynamics have many similarities. In both countries, trust
is a key factor shaping public support for agencies, whether they provide
information or engage in fire-management activities®. US studies of pub-
lic acceptance of prescribed fire reveal that trust in the personnel imple-
menting the burn, along with familiarity with the practice, are associated
with higher acceptance levels®. In terms of the US public response during
fires, evacuating has long been the norm, often with mandatory evacua-
tion orders; until Black Saturday, Australians were urged to either prepare
to stay and protect their properties, or to leave early, on the basis that either
option was safer than leaving late””. Despite this difference, the range of
public behaviours in both countries is similar, with some residents leaving
early, some staying to defend and a substantial number waiting to see how
the situation develops. Furthermore, individual actions do not necessarily
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Mediterranean basin

original sources (see Supplementary Information) to 0.25° resolution cells
and plotted as density surfaces.) Forest cover is the percentage area covered
by trees (>5 m height) per cell in 2000; population is number of people per
cell (log transformed) in 2000; and fire is total area burned in hectares per
cell (log transformed) between 1996 and 2012. The colour scale for fire is to
help differentiate higher peaks in area burned.

reflect a consistent response, as some household members may leave and
some stay, while others go back and forth to check on property, animals or
those who stay*. Although historically ‘stay or go’ seems to have worked
reasonably well in Australia”, the approach was questioned after the Black
Saturday fires, as it was widely seen to have contributed to many of the
173 deaths. However, roughly half the people (around 3,000 households)
in the burnt areas seemed to have stayed and defended their properties
successfully and about halfleft, almost as the fire front was approaching.
Most were satisfied with their decision and said they would do the same
thing again®. Most also stated that they would like to be better prepared.
The post-fire effort naturally concentrated on fatalities, with official
advice after Black Saturday inquiries shifting to leaving early.

When the public response is to evacuate, key elements to success
include environmental conditions (especially fire-weather severity),
patterns of roads, neighbourhoods and topography. In Australia, pub-
lic warnings have been based on a fire-weather danger scale, which was
revised after Black Saturday to capture the most extreme conditions, along
with altered warning messages and advice for these extremes. There is
some public understanding of the reclassification, but little evidence of
altered behaviour® or understanding that weather conditions well below
the extreme level are still dangerous. Analogous fire-weather warnings are
issued regularly in other parts of the world, but are not standardized and
rarely trigger evacuation orders. Similar to many regions, fatalities during
evacuations in the Mediterranean basin tend to occur during the most
severe weather conditions, when fires have already begun and people
choose to evacuate too late®; in addition, such extreme events seem to be
on therise”’. A growing public safety challenge associated with evacuating
people from fire-prone communities in mountainous terrain is limited
road access. For example, housing densities are increasing in many WUI
regions of the western United States without commensurate increases
in the road network to support their evacuation®’. Emergency planning,
including preparation of structures and training for those who choose to
stay or simply cannot evacuate safely”’, is thus increasingly important to
the resilience of many communities in the regions reviewed here.

Structures and surrounding vegetation

To mitigate the risk of structure losses during wildfires, there is
increasing evidence from many regions that it is best to focus on the
house first and move outward from there”’. Most structure losses are
due to ember attack®®*, when flaming or smoldering plant material
is lofted by winds and blown inside or against the building or adja-
cent elements, often long before the flaming front arrives. Embers
can cause structure ignition by entering through gaps as small as
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2 mm® or accumulating outside against flammable building (or
surrounding) features. Once ember ignition is addressed through
structural design or retrofitting, less prevalent modes of structure
loss are important, such as radiant heat and flame exposure. To
address these, both building design and surrounding vegetation
management are normally considered in unison", with the balance
of these treatments being site specific. Similar to evacuation success,
an understanding of the local fire-weather conditions and expected
types of fires is required’". Hence, the building design strategy is
to either consider all possible extremes and the weakest link in the
system® or to pick a threshold level beyond which the structure
may not survive. By relating these to a corresponding fire-weather
severity, the occupant has the information for deciding when it is
necessary to leave early. As a contingency, egress paths from the
building interior to another building or area of minimal fuel could
improve safety, but preparation for such a fallback is needed long
before a wildfire arrives.

Vegetation reduction is most effective immediately adjacent to
structures®®” ™, as it can eliminate the most immediate sources of
combustible material. Vegetation overhanging the structure’ and
ornamental plants® have been strongly associated with structure
loss. Vegetation clearances more than about 30 m away, however,

REVIEW

seem to provide no significant additional benefit in shrubland envi-
ronments of southern California, even on steep slopes™, reflecting
an important trade-off between hazard reduction and habitat values
(for organisms dependent on the vegetation removed). Although
these findings may only apply to similar shrubland environments, a
similar distance to heavily vegetated areas has also been identified
for some forested environments, based on radiant heat exposure to
structures””*. In Australia, however, a distance from forest edges of
more than 30 m was found to influence home losses™, indicating that
this buffer distance may vary substantially (for example, with fuels,
weather and construction types). Another key reason to reduce veg-
etation near the home is to provide a relatively safe place to engage in
structure protection, in case home owners or firefighters are present.
It is notable, however, that some species of well-maintained trees
(litter removed and high foliar moisture) near the home can actually
provide protection, screening embers'’ and acting as a heat sink™ for
an approaching wildfire.

Landscape-scale patterns

Although fuel treatments seem to provide the greatest protection when
located near human communities'”*****””, landscape-scale charac-
teristics of the WUT itself are important. For this reason, a long-term

BOX 2

Regardless of the surrounding ecosystem conditions, all communities
can better coexist with fire by taking several steps: retrofitting
homes against ember attack, effectively managing fuels around
homes, developing household and community plans for evacuation
compared with stay-and-defend decisions, and participating in risk
awareness continuing education. For existing high-hazard wildland-
urban interface (WUI) areas, landowners may need to take primary
responsibility for pursuing the optimal combination of adaptation
measures, based on their local vulnerabilities and wildfire exposure.
For development of new communities in high-hazard WUI areas,
governments need to take a leadership role in planning. Regardless
of responsibility, however, all of these efforts will be guided by better
mapping of the fire hazard itself.

The fire hazard severity zone (FHSZ) maps (Box Fig.) of California
are an official product of the state Department of Forestry and
Fire Protection based on a consistent statewide methodology for
estimating potential fire behaviour under a set of relatively dry and
high wind conditions. Variables that affect modelled fire behaviour
include local topography and potential fuel loads, although weather
conditions in the current iteration of maps are not tailored to local
extremes. Future updates to the FHSZ methodology will incorporate
locally varying wind patterns, better reflecting conditions that cause
the worst fire-related losses of lives and homes*>€,

Fire-resistant residential construction standards are determined
by the FHSZ rating of the location in question. In addition, FHSZ
classifications must be disclosed at the time of home sales; although
this may not deter a sale, it can affect the cost of insuring the home
against fire losses. FHSZ maps are thus an incremental but important
step towards treating fire like other natural hazards (for example,
land-use restrictions associated with flood-plain and earthquake
fault maps). Similar mapping methods and codes are produced in
Victoria, Australia. Such maps do not explicitly restrict development
from occurring — a constraint that should be considered in extremely
hazardous locations. Comprehensive approaches should, however,
help to better design communities within a complex matrix of
both risk and resilience that such maps could reflect spatially. (See
Supplementary Information).

Adaptation measures and fire-hazard mapping
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approach involving land-use planning offers great potential for reduc-
ing wildfire impacts in human communities. A greater understanding
is needed concerning building configuration in the WUI and how it
relates to risk of losses and fatalities in various environments””*. In
some shrubland-dominated landscapes, the arrangement and loca-
tion of homes have been the most important factors for explaining
structure loss: landscape factors such as low housing density, isolated
clusters of residential development and long distances to major roads
are better predictors of house loss than local factors such as defensible
space, fuel or terrain®*®. Whether these findings apply to fire-prone
landscapes in general or whether there are variations between devel-
opment patterns and fire regimes needs further research. Although
isolated clusters of development and low housing density mean that
homes are embedded within, and more exposed to, a matrix of wild-
land vegetation", ignition-prone homes that are closely spaced in
neighbourhoods can also facilitate the spread of house-to-house fire,
especially during extreme fire weather.

Achieving a sustainable coexistence with wildfire

A coupled SES view of wildfire highlights the variation in each half
of the SES, as well as how they come together at the WUI, to create
many permutations of hazards and vulnerabilities for both human
and natural systems. As such, there will be different thresholds for
how harmful effects trigger action before, during and after wildfires,
and competing societal pressures will influence the degree to which
scientific findings are able to guide adaptive responses (Fig. 1). Despite
such complexity, some priorities for future work emerge from the
extensive research reviewed here.

Context-specific and place-based approaches will be needed to
address many existing and future coupled wildfire SES problems.
This is because certain fire regimes are inherently more amenable to
management activities than others, and also due to the institutional
and social diversity that influences human capacity for mitigating risks
to individuals and their communities. It is possible, however, that the
permutations mentioned above collapse into characteristic typologies
that could inform more systematic analyses. If so, are there mutually
resilient combinations that are well matched or somehow compat-
ible? Some fire regimes might dictate the degree to which evacua-
tions should be mandatory or how resources might be allocated (for
example, training homeowners to protect homes compared with fuel
reduction or structure retrofits). A deeper understanding of the vari-
ation, links and scales of causes and effects in coupled wildfire SESs
is therefore vital.

Governments have a primary responsibility in the long-term evolu-
tion of the WUT and the degree to which it limits or amplifies trans-
boundary threats in coupled wildfire SESs, so much greater attention
to land-use planning is warranted. Land-use regulations to guide fire-
related building codes (Box 2) or restrict development in the most fire-
prone locations****>'”’ are clearly important steps that government
agencies could take to manage the coupling in a wildfire SES. Agencies
have a deeper role, however, in the growth of these trans-boundary
threats. For example, the ‘safe development paradox’ applied to flood
and hurricane protection demonstrates that making hazardous areas
safer for human habitation in the short term actually increases the
potential for severe losses over longer time scales'®". Given that gov-
ernment agencies around the world have focused on reducing fire
hazards (for example, through subsidized fire suppression and/or fuel
reduction), much less attention has been paid to the ways in which vul-
nerable WUI development might have been designed from the start.
As further development occurs and the WUT expands, so does the
need for increased hazard reduction. A perverse consequence of the
typical human reaction to fire — to fight it instead of accommodate
it — thus contributes to a deepening of coupled wildfire SES problems.

Strategically addressing threats at the WUI maximizes the poten-
tial for both effective risk mitigation within developments and
management for sustainable fire regimes over the broader sweep of
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landscapes. Ultimately, trade-offs and sacrifices must be made to
balance these competing demands, but concentration of manage-
ment effort for risk mitigation in the WUI minimizes the area where
adverse effects on environmental assets are likely. Better maps of
fire hazards, ecosystem services and climate change effects are thus
important for assessing these and other related trade-offs. Addressing
all social, economic and environmental assets at risk will necessarily
focus on separating those that require exclusion of fire from those
where fires of some sort are desirable or inevitable. However, it is
unlikely that any planning or management regime will completely
exclude fires from vulnerable developments on many landscapes
(considerable residual risk to people and property will endure). The
capacity for communities to cope with the inevitability of fire, as well
as its effects at multiple scales, will therefore be essential.

There is a great deal of research to support better policy, planning
and management in all aspects of the coupled wildfire SES problem.
Viewing fire as a natural and inevitable hazard should be central to
most solutions, so we can anticipate its important positive and nega-
tive effects on both human and natural systems. Given that combus-
tion is one of the most basic and ongoing natural processes on Earth,
we must continue to learn from our experiences to achieve a sustain-
able coexistence with wildfire. m

Received 16 June; accepted 15 September 2014.

1. McCaffrey, S. Thinking of wildfire as a natural hazard. Soc. Nat. Resour. 17,
509-516 (2004).

This article identifies the importance of viewing fire in the context of natural
hazards, which emphasizes human-hazard interactions in ways that most fire
research does not.

2. Holling, C. S. & Meffe, G. K. Command and control and the pathology of natural
resource management. Conserv. Biol. 10, 328-337 (1996).

3. Driscoll, D. A. et al. Fire management for biodiversity conservation: key research
questions and our capacity to answer them. Biol. Conserv. 143, 1928-1939
(2010).

This article examines knowledge gaps and defines a research agenda to
better understand species-specific responses to fire regimes, spatio-temporal
effects on biota and interactions of fire regimes with other processes.

4. Naveh, Z.in The Role of Fire in Mediterranean-type Ecosystems (eds Moreno, J. &
Oechel, W.) 163-185 (Springer, 1994).

5. Noss, R. F, Franklin, J. F,, Baker, W. L., Schoennagel, T. & Moyle, P. B. Managing
fire-prone forests in the western United States. Front. Ecol. Environ. 4, 481-487
(2006).

This article discusses the science underpinning the development and
implementation of fire and fuel management policies for forests before,
during and after wildfires.

6. van Wilgen, B.W,, Cowling, R. M. & Burgers, C. J. Valuation of ecosystem
services. Bioscience 46, 184-189 (1996).

7. Gill, A.M,, Stephens, S. L. & Cary, G. J. The worldwide “wildfire” problem. Ecol.
Appl. 23,438-454 (2013).

This article provides an overview of fire effects on various environmental,
social and economic assets, highlighting the complex and geographically
specific context of the problem.

8. Fernandes, P. M. Fire-smart management of forest landscapes in the
Mediterranean basin under global change. Landsc. Urban Plan. 110, 175-182
(2013).

9. Forests and Rangelands. The National Strategy: The Final Phase in the
Development of the National Cohesive Wildland Fire Management Strategy http://
www.forestsandrangelands.gov/strategy (US Forests and Rangelands, 2014).

10. FAO. Fire Management: Voluntary Guidelines. Principles and Strategic Actions
http://www.fao.org/forestry/site/35853/en (FAO, 2006).

11. Forest Fire Management Group. National Bushfire Management — Policy
Statement for Forests and Rangelands (Forest Fire Management Group for the
Council of Australian Governments, 2012).

12. Myers, R. L. Living with Fire-Sustaning Ecosystems and Livehoods Through
Integrated Fire Management (The Nature Conservancy Global Fire Initiative,
2006).

13. Moritz, M. A. et al. Climate change and disruptions to global fire activity.
Ecosphere 3,49 (2012).

This article provides projections of future fire activity under climate change
scenarios and examines sources of uncertainty in such predictions.

14. Berkes, F. & Folke, C. in Linking Social and Ecological Systems: Management
Practices and Social Mechanisms for Building Resilience (eds Berkes, F. &

Folke, C.) 13-20 (Cambridge Univ. Press, 1998).

15. Chapin, F. S. et al. Policy strategies to address sustainability of Alaskan boreal
forests in response to a directionally changing climate. Proc. Nat/ Acad. Sci. USA
103, 16637-16643 (2006).

16. Chapin, F. S. et al. Increasing wildfire in Alaska’s boreal forest: pathways to

© 2014 Macmillan Publishers Limited. All rights reserved



17.

18.

19.
20.

21.
22.
23.

24.

25.

26.

27.

28.

29.

30.
31.

32.

33.
34.

35.
36.

37.
38.

39.
40.
41.

42.

43.

44.

45,

46.

47.

48.

potential solutions of a wicked problem. Bioscience 58, 531-540 (2008).
Jakes, P.J. & Langer, E. R. L. The adaptive capacity of New Zealand communities
to wildfire. Int. J. Wildland Fire 21, 764-772 (2012).

Paveglio, T. B., Jakes, P. J., Carroll, M. S. & Williams, D. R. Understanding social
complexity within the wildland-urban interface: a new species of human
habitation? Environ. Mgmt 43, 1085-1095 (2009).

Gill, A. M. Landscape fires as social disasters: an overview of ‘the bushfire
problem’. Environ. Hazards 6, 65-80 (2005).

Bradstock, R. A, Gill, A. M. & Williams, R. J. in Flammable Australia: Fire Regimes,
Biodiversity and Ecosystems in a Changing World (eds Bradstock, R. A., Gill, A. M.
& Williams, R. J.) 307-324 (CSIRO Publishing, 2012).

Scheffer, M., Carpenter, S., Foley, J. A, Folke, C. & Walker, B. Catastrophic shifts in
ecosystems. Nature 413, 591-596 (2001).

Mazzoleni, S., di Pasquale, G., Mulligan, M., di Martino, P. & Rego, F. Recent
Dynamics of the Mediterranean Vegetation and Landscape (Wiley, 2004).
Trabaud, L. V., Christensen, N. L. & Gill, A. M. in Fire in the Environment: the
Ecological, Atmospheric, and Climatic Importance of Vegetation Fires (eds
Crutzen, P. J. & Goldammer, J. G.) 277-295 (Wiley, 1993).

Moreira, F. et al. Landscape-wildfire interactions in southern Europe:
implications for landscape management. J. Environ. Manage. 92, 2389-2402
(2011).

Pausas, J. G. & Fernandez-Mufioz, S. Fire regime changes in the Western
Mediterranean Basin: from fuel-limited to drought-driven fire regime. Clim.
Change 110, 215-226 (2012).

San-Miguel-Ayanz, J., Moreno, J. M. & Camia, A. Analysis of large fires in
European Mediterranean landscapes: lessons learned and perspectives. For.
Ecol. Manage. 294, 11-22 (2013).

Silva, J. S., Rego, F,, Fernandes, P. & Rigolot, E. Towards Integrated Fire
Management: Outcomes of the European Project Fire Paradox (European Forest
Institute, 2010).

Castellnou, M., Kraus, D. & Miralles, M. in Best Practices of Fire Use: Prescribed
Burning and Suppression: Fire Programmes in Selected Case-study Regions in
Europe (eds Montiel, C. & Kraus, D. T.) 3-16 (European Forest Institute, 2010).
Koutsias, N. et al. Where did the fires burn in Peloponnisos, Greece the summer
of 20077 Evidence for a synergy of fuel and weather. Agric. For. Meteorol. 156,
41-53 (2012).

Swetnam, T. W., Allen, C. D. & Bentacourt, J. L. Applied historical ecology: using
the past to manage for the future. Ecol. Appl. 9, 1189-1206 (1999).
Grissino-Mayer, H. D. & Fritts, H. C. The International Tree-Ring Data Bank: an
enhanced global database serving the global scientific community. Holocene 7,
235-238(1997).

Hessburg, P. F, Salter, R. B. & James, K. M. Re-examining fire severity relations
in pre-management era mixed conifer forests: inferences from landscape
patterns of forest structure. Landscape Ecol. 22, 5-24 (2007).

Allen, C. D. et al. Ecological restoration of southwest ponderosa pine
ecosystems: a broad perspective. Ecol. Appl. 12, 1418-1433 (2002).

Keeley, J. E. et al. Ecological Foundations for Fire Management in North American
Forest and Shrubland Ecosystems (US Department of Agriculture, Forest Service,
Pacific Northwest Research Station, 2009).

Perry, D. A. et al. The ecology of mixed severity fire regimes in Washington,
Oregon, and Northern California. For. Ecol. Manage. 262, 703-717 (2011).
Schoennagel, T. & Nelson, C. R. Restoration relevance of recent National Fire
Plan treatments in forests of the western United States. Front. Ecol. Environ. 9,
271-277 (2011).

Turner, M. G. & Romme, W. H. Landscape dynamics in crown fire ecosystems.
Landscape Ecol. 9, 59-77 (1994).

Dillon, G.K. et al. Both topography and climate affected forest and woodland
burn severity in two regions of the western US, 1984 to 2006. Ecosphere 2, 130
(2011).

Schoennagel, T, Veblen, T. T. & Romme, W. H. The interaction of fire, fuels, and
climate across rocky mountain forests. Bioscience 54, 661-676 (2004).

Agee, J. K. & Skinner, C. N. Basic principles of forest fuel reduction treatments.
For. Ecol. Manage. 211, 83-96 (2005).

Stephens, S. L. et al. The effects of forest fuel-reduction treatments in the United
States. Bioscience 62, 549-560 (2012).

Odion, D. C. et al. Examining historical and current mixed-severity fire regimes
in ponderosa pine and mixed-conifer forests of western North America. PLoS
ONE9, e87852 (2014).

Fuhlendorf, S. D., Woodward, A. J., Leslie, D. M. & Shackford, J. S. Multi-scale
effects of habitat loss and fragmentation on lesser prairie-chicken populations
of the US Southern Great Plains. Landscape Ecol. 17, 617-628 (2002).

Van Auken, O. W. Causes and consequences of woody plant encroachment
into western North American grasslands. J. Environ. Manage. 90, 2931-2942
(2009).

Moritz, M. A,, Moody, T. J.,, Krawchuk, M. A, Hughes, M. & Hall, A. Spatial
variation in extreme winds predicts large wildfire locations in chaparral
ecosystems. Geophys. Res. Lett. http://dx.doi.org/10.1029/2009GL041735
(2010).

Moritz, M. A, Keeley, J. E., Johnson, E. A. & Schaffner, A. A. Testing a basic
assumption of shrubland fire management: how important is fuel age? Front.
Ecol. Environ. 2, 67-72 (2004).

Syphard, A. D., Keeley, J. E. & Brennan, T. J. Comparing the role of fuel breaks
across southern California national forests. For. Ecol. Manage. 261, 2038-2048
(2011).

Zedler, P. H., Gautier, C. R. & McMaster, G. S. Vegetation change in response

to extreme events: the effect of a short interval between fires in California

49,

50.
51.
52.
53.

54.
55.

56.

57.

58.

59.

60.

61.

62.
63.

64.

65.

66.

67.
68.
69.
70.
71.

72.

73.

74.

75.

76.

77.

78.

79.

REVIEW

chaparral and coastal scrub. Ecology 64, 809-818 (1983).

Balch, J. K, Bradley, B. A, D’Antonio, C. M. & Gémez-Dans, J. Introduced annual
grass increases regional fire activity across the arid western USA (1980-2009).
Glob. Change Biol. 19, 173-183 (2013).

D’Antonio, C. M. & Vitousek, P. M. Biological invasions by exotic grasses, the
grass/fire cycle, and global change. Annu. Rev. Ecol. Syst. 23, 63-87 (1992).
Brooks, M. L. et al. Effects of invasive alien plants on fire regimes. Bioscience 54,
677-688 (2004).

Murphy, B. P. et al. Fire regimes of Australia: a pyrogeographic model system.
J. Biogeogr. 40, 1048-1058 (2013).

Russell-Smith, J. et al. Bushfires ‘down under’: patterns and implications of
contemporary Australian landscape burning. Int. J. Wildland Fire 16, 361-377
(2007).

Bradstock, R. A. A biogeographic model of fire regimes in Australia: current and
future implications. Glob. Ecol. Biogeogr. 19, 145-158 (2010).

Mooney, S. D., Harrison, S. P, Bartlein, P. & Stevenson, J. in Flammable Australia:
Fire Regimes, Biodiversity and Ecosystems in a Changing World (eds Bradstock,
R. A, Gill, A. M. & Williams, R. J.) 293-305 (CSIRO, 2012).

Cook, G. D., Jackson, S. & Williams, R. J. in Flammable Australia: Fire Regimes,
Biodiversity and Ecosystems in a Changing World (eds Bradstock, R. A, Gill, A. M.
& Williams, R. J.) 293-305 (CSIRO, 2012).

Attiwill, P. M. et al. Timber harvesting does not increase fire risk and severity in
wet eucalypt forests of southern Australia. Conserv. Lett. 7, 341-354 (2013).
Price, O. F. & Bradstock, R. A. The efficacy of fuel treatment in mitigating
property loss during wildfires: insights from analysis of the severity of the
catastrophic fires in 2009 in Victoria, Australia. J. Environ. Manage. 113,
146-157 (2012).

Penman, T. D. et al. Prescribed burning: how can it work to conserve the things
we value? Int. J. Wildland Fire 20, 721-733 (2011).

Nimmo, D. G, Kelly, L. T,, Farnsworth, L. M., Watson, S. J. & Bennett, A. F. Why do
some species have geographically varying responses to fire history? Ecography
37,805-813 (2014).

Pausas, J. G. & Bradstock, R. A. Fire persistence traits of plants along a
productivity and disturbance gradient in mediterranean shrublands of south-
east Australia. Glob. Ecol. Biogeogr. 16, 330-340 (2007).

Krawchuk, M. A. & Moritz, M. A. Constraints on global fire activity vary across a
resource gradient. Ecology 92, 121-132 (2011).

Dunlop, M. et al. The Implications of Climate Change for Biodiversity Conservation
and the National Reserve System: Final Synthesis (CSIRO Climate Adaptation
Flagship, 2012).

Millar, C. I, Stephenson, N. L. & Stephens, S. L. Climate change and forests of
the future: managing in the face of uncertainty. Ecol. Appl. 17,2145-2151
(2007).

Moritz, M. A, Hurteau, M. D, Suding, K. N. & D’Antonio, C. M. Bounded ranges of
variation as a framework for future conservation and fire management. Ann. NY
Acad. Sci. 1286, 92-107 (2013).

Hannah, L. et al. Fine-grain modeling of species’ response to climate change:
holdouts, stepping-stones, and microrefugia. Trends Ecol. Evol. 290, 390-397
(2014).

Moritz, M. A., Hessburg, P. F. & Povak, N. A. in The Landscape Ecology of Fire (eds
McKenzie, D., Miller, C., & Falk, D.) 51-86 (Springer, 2011).

Parr, C. L. & Andersen, A. N. Patch mosaic burning for biodiversity conservation:
a critique of the pyrodiversity paradigm. Conserv. Biol. 20, 1610-1619 (2006).
Mcdonald, R. I. et al. Urban effects, distance, and protected areas in an
urbanizing world. Landsc. Urban Plan. 93, 63-75 (2009).

Theobald, D. M. & Romme, W. H. Expansion of the US wildland-urban interface.
Landsc. Urban Plan. 83, 340-354 (2007).

Schoennagel, T, Nelson, C. R., Theobald, D. M., Carnwath, G. C. & Chapman,

T. B. Implementation of National Fire Plan treatments near the wildland-
urban interface in the western United States. Proc. Natl/ Acad. Sci. USA 106,
10706-10711 (2009).

Gude, P, Rasker, R. & van den Noort, J. Potential for future development on fire-
prone lands. J. For. 106, 198-205 (2008).

Galiana-Martin, L., Herrero, G. & Solana, J. A wildland-urban interface typology
for forest fire risk management in Mediterranean areas. Landscape Res. 36,
151-171 (2011).

Lampin-Maillet, C. et al. Mapping wildland-urban interfaces at large scales
integrating housing density and vegetation aggregation for fire prevention in
the South of France. J. Environ. Manage. 91, 732-741 (2010).

Lowell, K. et al. Assessing the capabilities of geospatial data to map built
structures and evaluate their bushfire threat. Int. J. Wildland Fire 18, 1010-1020
(2009).

Bar-Massada, A., Radeloff, V. C. & Stewart, S. |. Biotic and abiotic effects of
human settlements in the wildland-urban interface. Bioscience 64, 429-437
(2014).

Calkin, D. E., Cohen, J. D., Finney, M. A. & Thompson, M. P. How risk
management can prevent future wildfire disasters in the wildland-urban
interface. Proc. Natl Acad. Sci. USA 111, 746-751 (2014).

McCaffrey, S., Toman, E., Stidham, M. & Shindler, B. Social science research
related to wildfire management: an overview of recent findings and future
research needs. Int. J. Wildland Fire 22, 15-24 (2013).

Handmer, J. & Tibbits, A. Is staying at home the safest option during bushfires?
Historical evidence for an Australian approach. Glob. Environ. Change B 6,
81-91 (2005).

This article discusses the historical basis for Australia’s ‘prepare, stay and
defend, or leave early’ policy approach to wildfire.

6 NOVEMBER 2014 | VOL 515 | NATURE | 65

© 2014 Macmillan Publishers Limited. All rights reserved



REVIEW

80.

81.
82.

83.
84.
85.
86.

87.

88.
89.
90.

91.
92.

93.

94.

Toman, E., Stidham, M., McCaffrey, S. & Shindler, B. Social Science at the
Wildland-Urban Interface: a Compendium of Research Results to Create Fire-
Adapted Communities (US Department of Agriculture, 2013).

Whittaker, J. & Handmer, J. Community bushfire safety: a review of post-black
Saturday research. Aus. J. Emerg. Mgmt 25, 7-13 (2010).

Olsen, C. S. & Sharp, E. Building community-agency trust in fire-affected
communities in Australia and the United States. Int. J. Wildland Fire 22,
822-831 (2013).

McCaffrey, S. M. & Olsen, C. S. Research Perspectives on the Public and Fire
Management: a Synthesis of Current Social Science on Eight Essential Questions
(US Department of Agriculture, 2012).

Whittaker, J., Haynes, K., Handmer, J. & McLennan, J. Community safety during
the 2009 Australian Black Saturday bushfires: an analysis of household
preparedness and response. Int. J. Wildland Fire 22, 841-849 (2013).

Viegas, D. X,, Ribeiro, L., Viegas, M., Pita, L. & Rossa, C. in Earth Observation of
Wildland Fires in Mediterranean Ecosystems (ed. Chuvieco, E.) 97-109 (Springer,
2009).

Cova, T.J,, Theobald, D. M., Norman, J. B. & Siebeneck, L. K. Mapping wildfire
evacuation vulnerability in the western US: the limits of infrastructure.
GeoJournal 78, 273-285 (2013).

Penman, T. D. et al. Defining adequate means of residents to prepare property
for protection from wildfire. Int. J. Disaster Risk Reduction 6, 67-77 (2013).
This article discusses the different aspects of what people need to
understand to live safely in a fire-prone environment, including the possibility
of having to stay and defend a home during a wildfire situation.

Blanchi, R. & Leonard, J. in Community Bushfire Safety (eds Handmer, J. &
Haynes, K.) 77-85 (CSIRO Publishing, 2008).

Cohen, J. Preventing disaster — home ignitability in the wildland-urban
interface. J. For. 98, 15-21 (2000).

Manzello, S. L., Park, S.-H. & Cleary, T. G. Investigation on the ability of glowing
firebrands deposited within crevices to ignite common building materials. Fire
Saf. J. 44, 894-900 (2009).

Leonard, J. et al. Building and Land-use Planning Research After the 7th February
Victorian Bushfires: Preliminary Findings (CSIRO and Bushfire CRC, 2009).
Foote, E. I. D., Martin, R. E. & Gilless, J. K. in Proc. 11th Conf. Fire Forest
Meteorology (eds Andrews, PL. & Potts, D.F.) 16-19 (Society of American
Foresters, 1991).

Gibbons, P. et al. Land management practices associated with house loss in
wildfires. PLoS ONE 7,e29212 (2012).

This article presents an analyses of factors leading to residential home losses
in the 2009 Black Saturday fires in Australia.

Syphard, A. D., Brennan, T. J. & Keeley, J. E. The role of defensible space for

66 | NATURE | VOL 515 | 6 NOVEMBER 2014
© 2014 Macmillan Publishers Limited. All rights reserved

residential structure protection during wildfires. Inter. J. Wildland Fire http://
dx.doi.org/10.1071/wf13158 (2014).

95. Franklin, S. E. California’s catastrophic intermix fires causes, culprits and cures.
Am. Fire J. 40, 20-23 (1996).

96. Cohen, J. D. Relating flame radiation to home ignition using modeling and
experimental crown fires. Can. J. For. Res. 34, 1616-1626 (2004).

97. Stockmann, K., Burchfield, J., Calkin, D. & Venn, T. Guiding preventative wildland
fire mitigation policy and decisions with an economic modeling system. For.
Policy Econ. 12, 147-154 (2010).

98. Syphard, A. D., Keeley, J. E,, Massada, A. B., Brennan, T. J. & Radeloff, V. C.
Housing arrangement and location determine the likelihood of housing loss
due to wildfire. PLoS ONE 7, e33954-e33954 (2012).

This article presents an analysis of factors leading to residential home losses
in fire-prone southern California.

99. Bovio, G. & Camia, A. Land zoning based on fire history. Int. J. Wildland Fire 7,
249-258 (1997).

100.Buxton, M., Haynes, R., Mercer, D. & Butt, A. Vulnerability to bushfire risk at
Melbourne’s urban fringe: the failure of regulatory land use planning. Geogr.
Res. 49, 1-12 (2011).

101.Burby, R. J. Hurricane Katrina and the paradoxes of government disaster policy:
bringing about wise governmental decisions for hazardous areas. Ann. Am.
Acad. Pol. Soc. Sci. 604, 171-191 (2006).

102.Cruz, M. G. & Alexander, M. E. Assessing crown fire potential in coniferous
forests of western North America: a critique of current approaches and recent
simulation studies. Int. J. Wildland Fire 19, 377-398 (2010).

103.Rhodes, J. J. & Baker, W. L. Fire probability, fuel treatment effectiveness and
ecological tradeoffs in western U.S. public forests. Open Forest Sci. J. 1, 1-7
(2008).

Supplementary Information is linked to the online version of the paper at
www.nature.com/nature.

Acknowledgements We would like to thank V. Butsic, S. Cole Moritz, C. English
and K. McLeod for comments on drafts of the manuscript, as well as P. Morgan
for suggestions that greatly improved the final version. Some of this work was
conducted while M.A.M. was a Center Fellow at the National Center for Ecological
Analysis and Synthesis, a Center funded by NSF (Grant #EF-0553768), the
University of California, Santa Barbara, and the State of California.

Author Information Reprints and permissions information is available at
www.nature.com/reprints. The authors declare no competing financial
interests. Readers are welcome to comment on the online version of this
paper at go.nature.com/go3vvy. Correspondence should be addressed
to MAAM. (mmoritz@berkeley.edu).



	Learning to coexist with wildfire
	Main
	Socioecological systems and fire
	Fire and ecosystems
	Mediterranean basin
	Western United States
	Australia
	Resilience and climate change

	Where do people live?
	Fire and human communities
	Risk perception and public response
	Structures and surrounding vegetation
	Landscape-scale patterns

	Achieving a sustainable coexistence with wildfire
	Acknowledgements
	References


