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Abstract.

Over the past 30 years, the cost of wildfire suppression and homes lost to wildfire in the US have increased

dramatically, driven in part by the expansion of the wildland—urban interface (WUI), where buildings and wildland
vegetation meet. In response, the wildfire management community has devoted substantial effort to better understand
where buildings and vegetation co-occur, and to establish outreach programs to reduce wildfire damage to homes.
However, the extent to which the location of buildings affected by wildfire overlaps the WUI, and where and when
outreach programs are established relative to wildfire, is unclear. We found that most threatened and destroyed buildings in
the conterminous US were within the WUI (59 and 69% respectively), but this varied considerably among states. Buildings
closest to existing Firewise communities sustained lower rates of destruction than further distances. Fires with the greatest
building loss were close to outreach programs, but the nearest Firewise community was established after wildfires had
occurred for 76% of destroyed buildings. In these locations, and areas new to the WUTI or where the fire regime is predicted
to change, pre-emptive outreach could improve the likelihood of building survival and reduce the human and financial
costs of structure loss.
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Introduction

Fires are becoming more destructive and more costly, both in the
US and globally (Association for Fire Ecology et al. 2015;
Abatzoglou and Williams 2016). Although wildfire suppression
is effective at stopping most fires, wildfires that escape sup-
pression often occur during the most extreme weather condi-
tions, causing dangerous and destructive fire behaviour (Calkin
et al. 2005). Such fires can result in the loss of buildings, homes
and human lives, as well as widespread social, health and eco-
nomic costs through evacuations, smoke exposure and loss of
tourism revenue (Richardson et al. 2012; Moritz et al. 2014).
Greater housing and associated infrastructure in and near
wildland vegetation has been associated with a greater cost of
wildfire suppression and damage (Hammer et al. 2007; Gude
et al. 2013). Although not all studies show a direct or causal
relationship between buildings within fire perimeters and the
cost of suppression, many show a relationship between the
number of homes near a fire and suppression expenditures
(Gude et al. 2013; Hand et al. 2016).
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Areas where houses mix or intermingle with wildland vegeta-
tion are referred to as the wildland—urban interface (WUTI), which
can be divided into areas where buildings are in close proximity
to large contiguous patches of flammable vegetation (interface)
and areas where buildings are interspersed within flammable
vegetation (intermix) (Radeloff e al. 2005). The close proximity
of buildings to flammable vegetation increases the likelihood of
buildings burning. To better anticipate and understand the wild-
fire problem, the WUI has been mapped for multiple countries.
The first WUI maps for the conterminous US were developed by
Radeloff et al. (2005) and Wilmer and Aplet (2005), and others
have developed alternative mapping approaches (Theobald and
Romme 2007; Calkin et al. 2011a; Bar-Massada et al. 2013).
Similarly, the WUI has been mapped in other countries where
wildfires are of concern, including Argentina (Argafaraz et al.
2017), Spain (Chas-Amil et al. 2013), Lebanon (Mhawej et al.
2017) and France (Lampin-Maillet ez al. 2010).

Not all areas of the WUI are at high or moderate risk of
burning in wildfire. For example, throughout the north-eastern
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United States, buildings are adjacent to and intermixed with
dense forests that have a low probability of burning (Finney
etal 2011; Haas et al. 2013). Furthermore, in those areas that are
prone to fire, several factors determine the overall likelihood of
building loss, including building design and maintenance,
spatial configuration of flammable wildland vegetation, and
suppression capabilities and response (Radeloff ez al. 2005,
Price and Bradstock 2013; Alexandre et al. 2016; Westhaver
2016). Despite the role of local- and landscape-level factors in
building loss, the WUI as a whole remains a focus area for
federal wildfire programs (United States Congress 2003; Wild-
land Fire Executive Council 2014), including a recent Executive
Order (Obama 2016). Between 1990 and 2010, the WUI has
grown by 33%, and housing within burned areas increased by
202% (Radeloff er al. 2018). However, it is not clear whether
buildings threatened by wildfires, as well as those destroyed by
wildfire, are actually located in the area mapped as WUL.

Homeowners who live in fire-prone locations can minimise
the risk that their house will burn by altering building character-
istics and the vegetation around their homes (Cohen 2000;
Calkin ef al. 2014). However, these guidelines are rarely
mandatory (Schoennagel et al. 2009; McLennan et al. 2017;
Wolters et al. 2017). Instead, voluntary efforts are promoted
through fire outreach programs, including national programs
(Firewise, Fire Adapted Communities, see http://www.firea-
dapted.org/, accessed 24 February 2017, and Fire Learning
Networks, see http://www.conservationgateway.org/, accessed
19 April 2017), state programs (e.g. California Fire Safe Council
and Nevada’s Living with Fire program), and local government
and fire department outreach efforts. The Firewise program was
established by the National Fire Protection Association (NFPA,
a global non-profit organisation) in 1986. Firewise partnered
with the US Forest Service and state forestry departments and
Firewise communities were officially recognised in the United
States in 2002 (see www.firewise.org/, accessed 24 February
2017). The Firewise program informs residents about the danger
of living in fire-prone areas and details steps individuals
and neighbours can take to reduce the likelihood of wildfire
damaging or destroying homes (see www.firewise.org/usa-
recognition-program.aspx, accessed 15 December 2016), while
also encouraging neighbours to join forces (see www.firewise.
org/, accessed 24 February 2017). The Fire Adapted Communi-
ties program, launched in 2012 through a partnership between
NFPA and the US Forest Service, encourages individuals,
neighbourhoods and communities to commit to creating and
maintaining Firewise principles at different scales — homes,
businesses, infrastructure and public areas within a neighbour-
hood or community — and incorporating community-level plan-
ning efforts, such as creating Community Wildfire Protection
Plans (CWPPs) (see http://www fireadapted.org/). Planning
efforts like CWPPs are also important for helping communities
reduce their likelihood of damage by wildfire, but there is no
database that we know of that has reliable information about the
location of CWPPs at the national scale. Accordingly, we
focussed solely on outreach programs.

To complement Firewise and Fire Adapted Community out-
reach, which target action in communities at risk from wildfire,
the Fire Learning Network operates at an even broader scale. The
Fire Learning Network consists of landscapes and communities
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across the US where people work together to plan and implement
workshops, outreach, and collaborative restoration, including
prescribed fire, to build community and ecosystem resilience to
wildfire (see www.conservationgateway.org/, accessed 24 Febru-
ary 2017). The Fire Learning Network is supported by a partner-
ship between The Nature Conservancy, US Forest Service and US
Department of the Interior (see http://www.conservationgateway.
org/). These outreach programs often complement each other. For
example, Fire Adapted Communities utilise Firewise resources,
and the Fire Learning Network contains a subgroup — the Fire
Adapted Community Learning Network — that facilitates the
spread of Fire Adapted Communities.

However, it is unclear how, where and when the different
wildfire outreach programs are active and if those patterns
match those of wildfire losses and residential development.
Residential development in fire-prone vegetation is widespread,
and continues even after destructive wildfire (Alexandre et al.
2015). Regulations pertaining to WUI mitigation are often not
adopted until after wildfires destroy homes (Duerksen et al.
2011), and are thus reactive, but it is not clear if fire outreach,
such as Firewise community establishment, is reactive as well.
Furthermore, hazard experience does not necessarily lead to
behavioural changes by residents or risk reduction efforts by
communities. Residents may lack funds or feel denial or fatalism
whereas communities may face institutional challenges, limited
budgets or inertia (Solecki and Michaels 1994; Birkland 2006;
Champ and Brenkert-Smith 2016; Mockrin et al. 2016). Deter-
mining the timing of outreach program establishment in relation
to wildfire exposure and new development can therefore provide
insight into where residents are served by outreach programs and
whether past wildfire influenced program establishment.

Given the need to prevent and reduce building losses to
wildfire, we ask:

(1) Does the WUI overlap the area where buildings have been
threatened or destroyed by wildfires?

(2) Where are national wildfire outreach programs located
relative to wildfires and to buildings threatened or
destroyed by wildfires?

(3) When were Firewise programs (the most common outreach
program) established relative to wildfires that threatened or
destroyed buildings?

Methods
Data

Our study area was the conterminous United States (Fig. 1). We
obtained fire perimeters for fires that burned between 2000 and
2013 from the Monitoring Trends in Burn Severity (MTBS)
dataset, which includes all fires greater than 404 ha (1000 acres)
in the western, and 202 ha (500 acres) in the eastern US (see
www.mtbs.gov/, accessed 19 April 2017).

To map the locations of buildings threatened or destroyed by
wildfire, we selected MTBS fire perimeters from 2000-2013
that, according to the 2000 US decennial census, had housing
within them (Fig. la). We then analysed Google Earth imagery
within these fire perimeters from as close to the fire’s date
(before and after) as possible, as well as up to 5 years after the
fire. We eliminated fires where such imagery was not available,
or where imagery showed no buildings. Of 11244 fires
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Fig. 1. Study area and the spatial coverage of the datasets used, including

(a) fire perimeters (2000-2013) where buildings were digitised or excluded
from digitisation (b) the locations of national fire outreach programs
compared with fire perimeters between 2000 and 2013, and (c) annual total
building destruction and destruction rate.

(covering 302728 km?, of which 3012 km? were WUI) that
burned between 2000 and 2013, 3087 fires (122427 km?, of
which 2591 km? were WUI) had sufficient imagery and con-
tained buildings (Fig. la). Thus, we mapped 86% of burned
WUI area in this sample. Within these fire perimeters, we
digitised all buildings present before the fire and defined these
as buildings threatened by fire (totalling 150936 buildings).
This included buildings that were no longer present after the fire
(defined as destroyed; 17 079 buildings) and buildings that were
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present after the fire (defined as survived; 133 857 buildings).
All buildings not present before the fire, but appearing within
5 years after the fire, were defined as new buildings (6554
buildings). See Alexandre et al. (2015) for detailed methods. We
calculate annual total destruction and destruction rate.

We used the WUI delineation developed by Radeloff er al.
(2005) based on the Federal Register (US Department of Agri-
culture and US Department of the Interior 1995; Glickman and
Babbitt 2001), for the conterminous United States, that was based
on the 2000 census for housing and 2001 National Land Cover
Database for vegetation. We chose these years to characterise the
WUI at the beginning of the 2000-2013 timeframe. Areas
mapped as WUI are census blocks (with public lands removed)
with at least 6.17 housing units km 2 that had >50% wildland
vegetation within the terrestrial area of the census block (intermix
WUI), or were within 2.4 km of a large area (over 5 km?) with at
least 75% wildland vegetation (interface WUI) (Radeloff ez al.
2005). We chose this WUI map because it has been widely used
by federal and state agencies, and was recently affirmed by a
Presidential Executive Order (Obama 2016).

We compiled data on fire education and mitigation outreach
programs from several well established nationwide programs
(‘national fire outreach programs’ hereafter; Fig. 1b). These
included Fire Learning Network landscapes (for consistency with
other data, centroids of landscape polygons were used), Fire
Adapted Communities, Firewise Communities (active and inac-
tive), and involvement in other activities linked to Firewise, such
as Wildfire Community Preparedness Day (participants and
winners), and Firewise Challenge (winners). The compiled data-
set consisted of 1715 locations for national fire outreach programs
(Fig. 1b). Note that for most of these data, point locations were the
only spatial information available, limiting our analyses to the
proximity to the centroid of the outreach program, rather than
their boundaries. Initiation dates for Fire Adapted Communities
and Fire Learning Network landscapes were not available. The
1668 Firewise communities in our dataset were all established
between 2002 (when the program was launched) and 2015.
Although 1194 Firewise communities were reported as currently
active, we were unable to determine the dates of activity for
the remaining 28% of Firewise communities (see www.firewise.
org/, accessed 24 February 2017). We included all of these
communities in our analyses because prior outreach effort may
still have had an effect. In addition to national resources, some
states also have their own fire outreach programs (e.g. California
Fire Safe Council, Texas A&M Forest Service, Nevada’s Living
with Fire program). We focussed a case study on California, the
state with the greatest number of threatened and destroyed
buildings, where we gathered the locations of California’s Fire
Safe Councils (California Fire Safe Council 2016) in order to
compare national and state programs.

Analyses of WUI extent and fire-affected buildings

To measure how completely buildings that were threatened or
destroyed by wildfires were within the mapped WUI, we deter-
mined the WUI designation for each building threatened or
destroyed. We calculated the percentage of buildings destroyed
or surviving located in: non-WUI, intermix, interface and all WUI
(intermix or interface) areas. For all buildings outside the WUI —
destroyed, surviving, threatened and new — we reported the
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average distance to the WUI. For buildings that were destroyed
outside the WUI, we examined the housing density and wildland
vegetation density in their census block and compared them to the
WUI definition threshold values (i.e. housing density >6.17
housing units km™2, >50% wildland vegetation, or within 2.4 km
ofalarge (>5 km?) dense (>75%) vegetation patch) to determine
why the area was not classified as WUI. We also examined the
magnitude of destroyed buildings in low-density non-WUI cen-
sus blocks that may have been classified as WUI under a different
mapping method because of the modifiable areal unit problem
(Bar-Massada et al. 2013). We calculated the number of
destroyed buildings in non-WUI, low housing density census
blocks in a cross-tabulation based on the area and the total number
of housing units in those census blocks.

We also calculated and mapped the proportion of destroyed
buildings located outside the WUI in each state to see if there
were regional differences. To examine the WUI area within fire
perimeters, we classified MTBS fires as containing no build-
ings, only surviving buildings, or destroyed and surviving
buildings. For MTBS fires containing buildings, we calculated
the area and percentage area of intermix, interface, and non-
WUI within each fire perimeter.

To determine whether our results for buildings threatened,
surviving or destroyed in the WUI were skewed by a few, highly
destructive fires, we also examined the 20 most destructive fires
(where the greatest number of buildings were lost), which
contained 70% of all destroyed buildings. For these fires, we
recalculated the (@) number and (b) percentage of buildings, as
well as (c¢) fire area, and (d) proportion of fire area in the
intermix, interface, WUI and non-WUI, and compared these
with the results for all fires.

Analyses of outreach programs, wildfire and fire-affected
buildings

To determine where national fire outreach programs are located
relative to wildfires, and to buildings threatened or destroyed by
wildfires, we calculated the distance from each outreach point
location to the nearest fire perimeter of all fires in the MTBS
dataset. We conducted this analysis for all MTBS fires from
2000 to 2013, and from 1990 to 2013 to assess if older fires
influenced the establishment of some outreach programs (the
latter results are in the supplementary material).

To examine the relationship between buildings and fire
outreach at the scale of wildfires, we calculated the number of
buildings threatened and destroyed within each fire perimeter,
and the average distance from these to the nearest national fire
outreach program. We also examined this relationship at the
scale of individual buildings and calculated the distance from
each building to the nearest national fire outreach location for
destroyed, surviving, threatened and new buildings within fire
perimeters. Although a linear distance does not fully describe
the extent and transmission of wildfire mitigation and education
activities (e.g. through community members talking with one
another and sharing ideas), it was our best option for approxi-
mating resident exposure to fire outreach programs. According-
ly, we summarised data by both average distance and percentage
of buildings within 5, 10, 25 and 50 km of outreach programs.
We chose these distances to represent a range of potential
exposure levels, with 5 km being the closest distance, where it
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was likely that a resident would be aware of outreach activity,
and 50 km being a drivable distance where media sources could
be the same, and therefore potential for awareness was possible.

For California, we analysed data from the California Fire
Safe Council outreach programs. We mapped the locations of
California Fire Safe Councils, national fire outreach programs,
and fires that threatened buildings, scaled by the total number of
buildings threatened per fire and the distance to the nearest
national fire outreach program.

Timing of Firewise establishment

Firewise programs were the most prevalent among the national
fire outreach programs, and the only program for which we had
dates of establishment. We compared the date of establishment
of'a given Firewise community to the date that nearby buildings
were threatened or destroyed by fire. First, we identified the
closest Firewise community centroid to each building that was
destroyed by wildfire and determined whether that Firewise
program began before or after the fire. From this, we calculated
the proportion of all destroyed buildings where Firewise pro-
grams were put into place after destructive wildfires.

We also assigned all threatened buildings to the nearest
Firewise community centroid to determine whether Firewise
was established in that community before or after the majority of
fire activity (some areas experienced multiple fires). We classi-
fied each Firewise community as either reactive (with most
buildings threatened before Firewise establishment) or pre-
emptive (with most buildings threatened after Firewise estab-
lishment). Although some areas experienced multiple fires, very
few communities experienced fires that threatened a large
proportion of buildings both before and after Firewise commu-
nity establishment. Finally, we summarised the distance to the
nearest national fire outreach program by building type (i.e.
threatened and new buildings), and compared the distributions
of these values using a 2-way f-test to test for significant
differences. We also compared the destruction rate for different
distances to the nearest pre-emptive Firewise community (using
breakpoints of 5, 10, 25 and 50 km) to test whether and how
proximity affects building survival.

Accuracy assessment

To assess the accuracy of our datasets of digitised buildings, we
compared our data to reports of buildings destroyed in each fire,
based on Incident Command Status (ICS-209) reports, and to
housing unit counts within each fire boundary based on the 2000
and 2010 US censuses (National Wildfire Coordinating Group
2016). These analyses are described in detail and available as
Supplementary Material to this paper, and showed good
agreement between digitised destroyed buildings and the ICS-
209 reports of destroyed primary structures. Digitised threat-
ened buildings showed close correlation with the US census
(P < 0.001; R* = 0.945; slope = 0.97).

Results
WUI extent and fire-affected buildings

A total of 11% of all buildings threatened by wildfire (i.e. within
fire perimeters) were destroyed by fire; most buildings survived
(Table 1), though inter-annual variability was high (Fig. 1¢). Of
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Table 1. The wildland—urban interface (WUI) status (non-WUI or WUI (all WUI, intermix, or interface)) of buildings in fire perimeters, fire area
(2000-2013), and distance to fire outreach in the USA

Non-WUI WUI Total

All Intermix Interface

Buildings in fire perimeters

Threatened (all buildings) 61590 89346 54884 34462 150936
(Percentage buildings) (41%) (59%) (36%) (23%) (100%)
Destroyed 5233 11846 7280 4566 17079
(Percentage buildings) (31%) (69%) (43%) (27%) (100%)
Survived 56357 77500 47604 29896 133857
(Percentage buildings) (42%) (58%) (36%) (22%) (100%)
Percentage all buildings destroyed 3.50% 7.80% 4.80% 3.00% 11%
Area in fire perimeters with buildings
Where some buildings destroyed (km?) 41262 1398 1250 148 42660
(Percentage area) (34%) (1.1%) (1.0%) (0.1%) (35%)
Where all buildings survived (km?) 78574 1193 1159 34 79767
(Percentage area) (64%) (0.97%) (0.95%) (0.03%) (65%)
Average distance to fire outreach

From destroyed buildings (km) 44 27 26 27 32
From surviving buildings (km) 51 33 36 28 41

Table 2. Buildings affected by wildfire (2000-2013) relative to the minimum distance to national fire outreach programs implemented in
communities in the conterminous USA

Destroyed buildings ~ Surviving buildings  Threatened buildings ~ New buildings

Total buildings 17079 133857 150936 6554
Average distance from fire outreach (km) 32 41 40 47
Percentage of buildings <50 km from national fire outreach 83 74 75 60
Percentage of buildings <25 km from national fire outreach 51 36 38 23
Percentage of buildings <10 km from national fire outreach 15 12 12 10
Percentage of buildings <5 km from national fire outreach 9.1 44 4.9 2.8
Average distance to the WUI (km) for buildings not in the WUI 1.6 2.1 2.0 1.7

689000 km* of WUI in the conterminous US, 0.4% burned non-WUI, low density census blocks in a cross-tabulation by
between 2000 and 2013, yet most buildings threatened by fire size and total housing units, we found that the majority of
were in the WUI (59%; Table 1), and were more often in the destroyed buildings in low density, non-WUI census blocks
intermix than the interface (36 v. 23% respectively; Table 1). Of (3093 of 4759) were in blocks with less than 10 total housing
the 41% of threatened buildings not in the WUI, most were close units, which are very likely truly low-density (Table 3). In other

to it (1.60 km and 2.07 km on average for destroyed and sur- words, these census blocks were mapped as non-WUI because
viving buildings respectively; Table 2). Buildings that were they contained too few houses, not because they were too large.
destroyed were more often located in the WUI than buildings Examining variation across the US, 16 states had 50 or more

that survived (69 v. 58% respectively), despite the fact that buildings destroyed by wildfire, but the majority of destruction
nearly 98% of the burned area of those fires that included occurred inside the WUI in only five states. Here, a total of 76%
buildings was outside the WUI (Table 1). For the 31% of  ofdestroyed buildings were located in the WUI, and those states
destroyed buildings that were outside the WUI, low housing contained most of buildings destroyed by fire (85%, mostly in
density was almost always the reason for non-WUI designation California, which contained 60% of all destroyed buildings).
(93% were below the WUI housing threshold, v. 8.5% below the Rates of destruction overall were higher in these states as well
WUI vegetation threshold; estimates include 1.4% that were (16% for those states v. 11% for all states; Fig. 3b). For the
below both thresholds, Fig. 2). These destroyed buildings out- remaining 11 states (accounting for 13% of destroyed build-
side the WUI were also not on the cusp of the housing density ings), only 32% of destroyed buildings were located in the WUI,
threshold (most were below 0.5 housing units km 2, compared and the rate of destruction was low (5% for those states v. 11%
with the WUI threshold of 6.17 housing units km ~2). Examining for all states; Fig. 3a).
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Table 3. Total destroyed buildings in low density, non-wildland—
urban interface (WUI) census blocks stratified by block area and total
housing units

Total housing units (in census block)

0-1 2-4 5-9 10-19 20 or more
Census block area (ha) — - - - -
0-30 729 - - - -
30-150 420 245 95 - -
150-500 311 183 303 204 176
500-1000 162 94 105 118 471
1000 or more 162 104 180 214 483

The 20 most destructive fires contained the majority of
destroyed buildings, a higher rate of building destruction, and
a greater proportion of threatened buildings within the WUL
Although these most destructive fires occurred in multiple
states, 12 occurred in California. These 20 destructive fires
comprised 3.5% of the burned area in our sample, but contained
70% of all destroyed buildings and 31% of threatened buildings
(Appendix 1). A higher proportion of threatened buildings
were destroyed in these 20 fires than the less destructive fires
(25 v. 4.9% respectively; Appendix 1), and the proportion of
threatened buildings that were in the WUI was higher than less
destructive fires (80 v. 50% respectively).

Outreach programs, wildfire and fire-affected buildings

National wildfire outreach programs were generally close to
both recent fire perimeters and buildings threatened by fire.
Most national fire outreach programs (89%) were within 50 km
of'a fire, and 51% of buildings destroyed by wildfire were within
25 km of a national fire outreach program (Table 2). Although
17% of buildings destroyed by wildfire were 50 km or more
from the nearest national fire outreach program (Table 2), the
total number of buildings threatened or destroyed by wildfires
that were that distant from a program was low (Fig. 4a, D).
Although there were clear spatial gaps in national fire outreach
programs (Fig. 4), those typically involved fires that destroyed
few buildings. Indeed, among the 23 fires that threatened 1000
or more buildings, 17 of which were in California, the average
distance between threatened buildings and the nearest national
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fire outreach program was more than 100 km for only one fire,
and more than 40 km for only 4 (Fig. 4a).

In our California-specific analyses, we analysed 114 national
fire outreach program locations and 156 locations of California
Fire Safe Councils. Although there was some overlap between
locations of the two, most California state programs were
dispersed in areas that the national programs did not reach,
providing better outreach coverage jointly than indicated by
national program locations alone (Fig. 5). Many areas that were
close to state programs, but far from national programs, con-
tained buildings threatened by wildfire (Fig. 5), highlighting the
importance of a web of national, state and local outreach
programs. For example, five fires had threatened or destroyed
324 buildings near Bakersfield, California, 250 km from a
national fire outreach program, but within 20 km of the Kern
River Valley Fire Safe Council.

Timing of Firewise establishment

In many cases, Firewise community establishment occurred
after a fire had burned buildings, not before, with a higher rate of
destruction near these reactive communities. The majority
(76%) of destroyed buildings were located closest to a Firewise
community centroid that was established after that building was
destroyed (with an average rate of destruction of 12.7% near
these communities). When we considered all threatened build-
ings in relation to pre- or post-fire program establishment, we
found that 31% of 1194 Firewise communities were established
after the majority of nearby buildings were threatened (Fig. 6a).
Of the 69% of Firewise communities that appeared to be pre-
emptive, 13% (n = 106) experienced fire that threatened nearby
buildings after the program was established, whereas the
remaining 87% were not closest to any threatened buildings
during our study period. Among buildings nearest to these 106
pre-emptive Firewise communities that were later exposed to
wildfire, there was an average destruction rate of 7.3%, with
lowest destruction in the immediate vicinity of Firewise com-
munity centroids (1.2% within 5 km), increasing to the highest
destruction rate between 25 and 50 km (9.5%), and decreasing
for further distances (5.0%; Appendix 2). Irrespective of Fire-
wise establishment, we found that new buildings constructed
within fire perimeters were significantly farther (P < 0.01) from
national fire outreach programs than buildings threatened by the
fire with a mean distance of 40 and 47 km respectively (Fig. 6b).
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Discussion

Our results confirm that the WUI, i.e. the area where houses and
wildland vegetation mix, as mapped by Radeloff ez al. (2005),
overlaps the area where the majority of buildings (69%) were
threatened and destroyed by wildfires, despite WUI area only
making up a small portion (2%) of the area within perimeters of
fires that threatened buildings. However, the location of the
WUI relative to buildings destroyed varied across the conter-
minous United States. WUI losses were most notable in states
where the most buildings have been destroyed by fires such as
California. However, WUTI is a poor predictor of destruction for
numerous states with lower, yet not insignificant, building
destruction. A sizable portion of buildings that were destroyed
here were outside the WUI, typically in areas where housing
density was too low to qualify as WUI. Even here, however,
most of non-WUI buildings were located in close proximity to
WUI (average of 1.6 km nationally for destroyed buildings).
The fact that areas mapped as WUI are indeed where most
destroyed buildings are found is both encouraging from a
management perspective, but also unsurprising, because these
are areas with both wildland vegetation to carry the fire and
buildings to burn. It is also unsurprising that WUI comprises a
small portion of the total area burned, because areas with
extensive wildland fuels are outside the WUI. However, we

also expect there to be limitations to using the national WUI
maps, as defined by the Federal Register (US Department of
Agriculture and US Department of the Interior 1995). The
Federal Register definition does not consider risk explicitly,
and sizeable WUI areas, especially in the north-eastern US, have
low risk of wildfire. Although the overall area of the WUI is
small (10% of the conterminous US in 2010), it contained 33%
of all housing units (totalling 43 million), showing that the WUI
alone is a poor predictor of the location of the 17 079 buildings
destroyed by fire in our 14-year sample (Radeloff et al. 2018).
By combining the WUI map with wildfire risk data (e.g. Haas
et al. 2013; Hawbaker et al. 2013; Dillon et al. 2015), managers
can further determine key areas where fire prevention and
outreach should be concentrated. In addition, the WUI map
we used is based on housing data from the decennial census,
which is provided for polygons, not individual houses. Where
we found that housing density was too low to meet WUI
thresholds of 6.17 housing units kmfz, these densities are based
on entire census blocks, and not on the housing densities around
actual buildings lost. Where datasets on housing locations are
available, building-level WUI mapping is possible (Bar-
Massada et al. 2013), but such data were not available to us
for the conterminous US. Without such spatial data on buildings
at a national extent, the details of these non-WUI environments
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remain somewhat unknown, but the low housing densities
within these Census blocks (less than 0.5 housing units km2)
and lower rates of loss in wildfire events suggest that these states
and environments may be substantially different than popular
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conceptions of the WUI. Here, a more varied approach to fire
prevention and outreach may be necessary, given the diversity of
communities at risk to wildfire (Alexandre et al. 2016; Paveglio
and Edgeley 2017; Paveglio et al. 2017). More detailed infor-
mation on building locations could help communities generate
local assessments of WUI risk (e.g. Bar-Massada et al. 2013),
but nationally consistent estimates will remain important for
larger-scale policy and management.

The main tool for addressing wildfire risk nationally remains
fire outreach programs, and we found that these programs were
typically near recent fire perimeters (89% within 50 km),
especially for fires that threatened many buildings. Fires that
threatened 1000 or more buildings almost always had a nearby
national fire outreach program. There were some notable gaps
with no programs despite fire activity (Fig. 4), but in some
locations those gaps may be filled by state or local programs, for
which we lacked spatial data. For example, our case study of
California’s Fire Safe Council programs revealed that the area
near Bakersfield in south-eastern California, where five fires
destroyed hundreds of buildings, was far from national fire
outreach programs, yet within 20 km of local outreach.

Analyses of national wildfire outreach programs revealed
that many of these programs were established after a destructive
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fire event, indicating that, although wildfire losses may spur
community level action, there remains a temporal gap between
need and establishment. This need continues to increase: new
construction within recent fire perimeters occurred farther from
existing fire outreach programs than buildings at the time of the
fire, indicating an expansion of this area of need. WUI growth
has been consistent over the past two decades (Radeloff ef al.
2018) and residential development continues even after wildfire
losses (Alexandre et al. 2015). Although these newer buildings
may use more fire-resistant building materials, codes mandating
the use of these materials are not present in many fire-prone
areas, and many additional factors, including building accessi-
bility, determine the susceptibility of a building to wildfire,
suggesting that the need for wildfire education and outreach will
remain (Mockrin et al. 2016; Syphard et al. 2017). Although
continued program expansion seems to be occurring for Fire-
wise, which has been increasing steadily since its establishment
in 2002, it is unclear how much expansion will be necessary to
meaningfully reduce wildfire risk, and indeed, how effective
these programs are in reducing wildfire losses (Paveglio and
Kelly 2017).

Our results indicate that buildings near pre-existing Firewise
community centroids had a lower rate of destruction than those
further from Firewise communities, but more research is needed
to establish that Firewise programs lead to a reduction in
wildfire risks. Although our results showed that many Firewise
programs were reactive, we are not suggesting that they do not
have value, and it is important to point out that many buildings
are lost even where fire outreach programs are proactive (Calkin
et al. 2011b). Numerous factors other than the existence of
nearby fire resources influence a resident’s decision to reduce
fire susceptibility on their property (Price and Bradstock 2013;

Olsen et al. 2017), including differences in social vulnerability
(Collins and Bolin 2009; Ojerio et al. 2010; Gaither et al. 2011;
Wigtil et al. 2016). Additionally, factors outside a landowner’s
control can have a major effect on the survivability of a building,
such as topography, nearby vegetation, and nearby buildings
(Price and Bradstock 2013; Syphard ef al. 2013; Alexandre et al.
2016; Clark et al. 2016), as well as differences in values among
neighbours in a community (Collins and Bolin 2009; Skow-
ronski et al. 2016; Singer et al. 2017). However, programs such
as CWPPs can create important partnerships and build relation-
ships that are critical for communities after a wildfire (Jakes and
Sturtevant 2013). These benefits of fire outreach programs are
important even if they do not directly contribute to preventing
structural loss to wildfire.

Furthermore, the national fire outreach programs that we
analysed did not specify the area, neighbourhood, or community
that they were serving, making it necessary to use some
proximity metric and rendering an exact assessment of inside
or outside a Firewise community infeasible. If agencies were to
record outreach program boundaries spatially and at the national
scale, additional meaningful analyses would be possible. When
testing the effect of distance from Firewise community centroids
on building survival, numerous potential confounding factors
were ignored (such as specific weather, topography and vegeta-
tion present during the fire, and for different locations), so our
findings should be considered in this rough, general context.
Residential development occurs against the back drop of other
landscape-level changes, which combine to alter wildfire risk.
Historic fire patterns, such as the fire perimeters and losses we
use for these analyses, may not be reliable indicators of current
and future fire risk (Schoennagel et al. 2017). Climate change
and continued fire suppression indicate a future with more
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frequent, larger and more destructive fires (Hessburg ez al. 2005,
Abatzoglou and Williams 2016). As people continue to build
new homes in the wildland, the WUI (as well as nearby non-
WUI areas) will require increased fire outreach programs in
addition to improvements in road, water and fire-fighting
infrastructure. Continuing efforts to change homeowner behav-
iour in mitigating for fire on their own property and throughout
the community is vital. Land-use planning, building regulations
and zoning laws could also be used to encourage safer building
practices (Syphard et al. 2013; Mockrin et al. 2016). Even
communities that are deeply committed to community fire
resilience are not completely safe. Recently, disaster research
has turned its attention to planning for recovery, which is critical
for all communities at risk of fire, regardless of their level of
preparedness. Fire outreach programs have not yet incorporated
recovery planning, though incorporating it into the various fire
outreach programs would be a logical next step. Communities
that plan for recovery may be better poised to take advantage of
the post-wildfire window of opportunity to better adapt to
wildfire (McGee 2011; Mockrin et al. 2016), and maintaining
local autonomy and control in this planning process is consistent
with the emphasis that State Foresters and other advocates
(Western Governors’ Alliance) place on local autonomy.

In summary, most buildings destroyed by wildfire were
within the WUI, especially in the states where most destroyed
buildings were located, but in other states, the majority of
destroyed buildings were located outside the WUI, largely
because housing densities were far below the WUI threshold.
The WUI is important, especially for fires that threaten and
destroy many buildings, but our results identify regions where
residents outside the WUI are also in need of outreach. National
fire outreach programs were typically near buildings that were
threatened and destroyed by wildfire, but many were not estab-
lished until after a destructive fire event, indicating an ongoing
need to support communities to be proactive about wildfire risk.
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Appendix 1. The wildland—urban interface (WUI) status (non-WUI or WUI (all WUI, intermix, or interface)) of buildings in fire perimeters, fire
area (2000-2013), and distance to fire outreach in the USA for the 20 fires that destroyed the most buildings

Non-WUI WUI Total

All Intermix Interface

Buildings in fire perimeters

Threatened (all buildings) 9172 37676 21014 16662 46848
(Percentage buildings) (20%) (80%) (45%) (36%) (100%)
Destroyed 2149 9781 5865 3916 11930
(Percentage buildings) (18%) (82%) (49%) (33%) (100%)
Survived 7023 27895 15149 12746 34918
(Percentage buildings) (20%) (80%) (43%) (37%) (100%)
Percentage all buildings destroyed 4% 21% 13% 8% 25%
Area in fire perimeters with buildings
Where some buildings destroyed (km?) 3703 596 527 69 4299
(Percentage area) (86%) (14%) (12%) (2%) (100%)
Where all buildings survived (km?) NA NA NA NA NA
(Percentage area) NA NA NA NA NA
Average distance to fire outreach

From destroyed buildings (km) 23 24 22 27 24
From surviving buildings (km) 23 24 25 24 24

Appendix 2. Destruction by distance from pre-emptive Firewise com-
munity centroid

Distance to Firewise Destruction rate (%) Sample size
centroid (km)

<5 1.19 420
5-10 2.18 643
10-25 7.22 4499
25-50 9.45 18136
>50 4.98 14483
Total 7.28 38181

Note that at least 20 fires make up data for each distance category and no
single fire accounts for more than 20% of buildings in a given row.



