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bstract

For at least two decades, expansion of low-density residential development at the wildland–urban interface has been widely recognized as a
rimary factor influencing the management of US national forests. We estimate the location, extent, and trends in expansion of the wildland–urban
nterface (WUI) in the continental United States. We mapped the WUI by determining the intersection of housing density classes computed from
efined US Census data with a map of wildfire hazards based on broad forest types using definitions of WUI from the Federal Register. Our methods
llowed us to provide a more spatially precise estimation of the WUI that better reflects development patterns of interest to forest land managers. We
efined three wildfire hazard classes based on vegetation type. “High” severity applies to vegetation types in which stand-replacing fires dominate
oth historical and recent fire regimes, e.g., lodgepole pine forest. “Low” severity applies where fuels and climate foster mostly low-intensity fires,
.g., aspen-birch forest. “High (historically low or variable)” applies to vegetation types in which fires historically were of low or variable intensity,
ut recently have often burned at high intensity because of a century of fire exclusion, e.g., southwestern ponderosa pine forest. In 2000, the WUI
hat includes a 3.2 km community protection zone occupied 465,614 km2, and contained over 12.5 million housing units. This is an expansion of

ver 52% from 1970, and by 2030 the WUI is likely to expand to at least 513,670 km2 with the greatest expansion occurring in the intermountain
est states. Roughly 89% of the WUI is privately owned land and about 65% of the WUI occurs in high or high (historically low or variable)

everity fire regime classes.
2007 Elsevier B.V. All rights reserved.
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. Introduction

The wildland–urban interface (WUI) is commonly charac-
erized as the area where urban development presses against
rivate and public wildlands (Davis, 1990). Since the 1970s,
xpansion of low-density residential development at the WUI
as raised concern among natural resource managers and has
een widely recognized as a primary factor influencing the man-
gement of national forests (Vaux, 1982; Bradley, 1984; Shands,
991; Ewert, 1993; Arno and Allison-Bunnell, 2002; Struglia

nd Winter, 2002; Dombeck et al., 2004; Nowak et al., 2005;
tephens and Ruth, 2005). This interface poses a number of
hallenges to human and natural communities, including inva-
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ive species, loss of wildlife habitat, water and air pollution
Alavalapati et al., 2005) and is one of the US Forest Service
hief’s most important threats to national forests (Bosworth,
004).

Rapid changes in the extent and location of the WUI have con-
inued to occur. Alig et al. (2000) estimated up to 14 million acres
f non-industrial forests were converted to urban use between
952 and 1997. Urban land is projected to increase from 3.1%
o 8.1% by 2050, potentially affecting roughly 118,000 km2

Nowak and Walton, 2005). Radeloff et al. (2005) estimated
he WUI in 2000 covered 719,156 km2 and contained 39% of
ll housing units in the continental US. Much of this develop-
ent has occurred as exurban growth beyond the urban fringe

Theobald, 2001, 2005; Cova et al., 2004). Yet a precise estima-

ion of where the WUI is located and how it might change in the
uture is still lacking (Platt, 2006).

Land managers have been under growing pressure to reduce
re costs and to mitigate fire risk. Two key policy documents

mailto:davet@cnr.colostate.edu
dx.doi.org/10.1016/j.landurbplan.2007.06.002
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rovide the basis for the current national fire plan policy frame-
ork (Dale et al., 2005): the 2001 Federal Wildland Fire Policy

FWFP) and the 10-year Comprehensive Strategy (CS). The
WFP (US Department of Agriculture and US Department of
nterior, 2001) explicitly recognized the important ecological
ole of wildland fire in forest ecosystems. The National Fire
lan and its companion document the CS (Western Governors
ssociation, 2002) called for identifying “at risk” wildland
rban interface communities and encouraged nationally com-
arable definitions of these communities. Initially the National
ire Plan attempted to map “communities at risk” of wild-
re, which resulted in the designation of 22,127 communities
Federal Register, 2001a). This was later narrowed to 11,376
esignated communities in the vicinity of federal land (Federal
egister, 2001b). However, having states simply nominate com-
unities was fraught with problems because “community” was

ot clearly defined, so that cities, towns, subdivisions, and
anches were all considered equal. Over one-quarter of desig-
ated communities could not be adequately located or their areal
xtent defined (Aplet and Wilmer, 2003). The Healthy Forests
estoration Act of 2003 (HFRA P.L. 108-148) authorized haz-
rdous fuels reduction in areas that are at risk of catastrophic
ildland fire, but the extent to which fuel treatments can be

onsidered mitigation rather than restoration depends largely
n the historical fire regime associated with different forest
ypes.

Our goal in this paper is to develop the best available estimate
f not only the current (2000) extent of the WUI and associ-
ted treatment zones, but also about the rate of expansion of
esidential forest and the type of wildland fire regime in the
oterminous US. We estimate recent expansion of the WUI –
rom 1970 to 2000 – and also likely expansion to 2030 based
n forecasted housing development. Using these maps of WUI
xpansion, we quantify the dominant forest types, the wildfire
everity associated with different types of forests, and the land
wnership patterns of the WUI in order to explore issues related
o the management of national forests and grasslands. Results
re summarized by state. We also briefly explore some policy
mplications of these findings, particularly whether treatments
an be considered ecological restoration or wildfire hazard mit-
gation or both (Veblen, 2003; Platt et al., 2006). We believe, as
avis implored over a decade-and-a-half ago, that a systematic

nalysis is needed to identify interface types, to track expansion
rends, and to inform long-term land use planning and natural
esource management: “Fire planners must be proactive rather
han reactive as they deal with all who have a role in interface
evelopment” (Davis, 1990, p. 31).

. Methods

.1. Housing density patterns

To compute past and current housing density patterns, we

mployed a dasymetric mapping technique based on the best
vailable, fine-grained and national-extent spatial database on
opulation and housing from the Census Bureau’s block-
roup and block data for 2000 (US Census Bureau, 2001a).

o
z
o
d
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hese methods have been described in detail in previous work
Theobald, 2001, 2003, 2005), so here we provide only a
rief review. Nationwide there were 207,469 block groups and
,185,004 blocks in 2000. The boundaries of census blocks typ-
cally follow visible physical features such as streets, roads,
treams, railroad tracks, and ridgelines, and occasionally are
ased on city or county limits, property lines, or short exten-
ions of streets (US Census Bureau, 2001b). Blocks vary in shape
nd size and contain roughly 250–550 housing units. In 2000,
ewer than 20% of the blocks were 1 ha in area or smaller, while
4% were 100 ha or smaller, containing 83% of the nation’s
opulation and housing units.

We removed the portion of each block that overlapped with
rotected lands as identified in the Protected Areas Database
v3; DellaSala et al., 2001), because private houses are not typi-
ally found on public and protected lands. This refined the areal
xtent of blocks considerably. As an example, Colorado contains
bout 141,000 blocks, 75,000 of which contain at least one hous-
ng unit (mean = 262.1 ha; S.D. = 1652.0 ha). About 1/3 of land
n Colorado is publicly owned, and after removing these lands
rom the blocks, the area average was reduced by nearly 40%
to 163.04 ha; S.D. = 833.9 ha). Using refined blocks results in
ver 131,600 additional hectares (∼18%) of WUI being identi-
ed in Colorado because density increases when public land

s removed from the blocks. Refining blocks is particularly
mportant in the western US, where roughly half of the land
s publicly owned. In addition, housing units were precluded
rom occurring in so-called “water blocks”, which represent
ydrological features such as streams, rivers, ponds, lakes, and
eservoirs.

We converted the polygon-based blocks into a 1 ha resolu-
ion raster using the centroid method, and housing units were
pread throughout the refined blocks weighted by the density
f major roads. Historical estimates of housing density were
btained from the SF3 dataset (US Census Bureau, 2001c) and
djusted to ensure that the sum of units by block-groups in
county equaled the totals from decadal census to minimize

nderestimation (Radeloff et al., 2001; Theobald, 2001).
We developed forecasted patterns for 2030 based on the Spa-

ially Explicit Regional Growth Model (SERGoM), which uses
supply–demand–allocation approach and assumes that future
rowth patterns will be similar to those found in the past decade.
t is driven by county level population projections and allocated
ased on travel-time accessibility from urban areas along major
oads (Theobald, 2005).

.2. Mapping the wildland–urban interface

We classified the residential forest into the wildland interface,
ntermix, and isolated (or occluded) zones. The wildland–urban
nterface (WUI) is the area where homes and urban sprawl press
gainst the wildland, whereas the wildland–urban intermix is
omposed of dispersed homes and structures scattered through-

ut wildland fuel (Davis, 1990). The wildland–urban occluded
one is characterized by isolated areas of wildland in the midst
f urban areas. We omitted characterizing occluded areas when
iscussing wildland fires because they are more of an urban/city
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Table 1
Definition of WUI and WIX used in our study and comparison to Davis (1990) and Radeloff et al. (2005)

Wildland–urban class Description Definitions

Federal Register Ours Others

Interface (WUI) Clear line of demarcation
between structures and fuels

>1 unit per 0.3 acre (>3
units/acre or >250
people/mi2)

>1 unit per 2.4 acre (based on
250 people/mi2) and >10 ha
patch

>1 unit per 40 acre and <50%
wildland vegetation (Stewart
et al., 2003)

Intermix (WIX) Structures scattered
throughout, fuels continuous

1 unit per 0.3–40 acre 1 unit per 2.4–40 acre >1 unit per 40 acre and >50%
wildland vegetation (Stewart
et al., 2003)

Occluded Structures abut “island” of
fuels, often in city, local FD

<1000 acres – –

Community fire planning zone 0.5–2.0 mi from boundary of
at-risk community

– 0.5, 1.0, 2.0 mi from WUI;
and % of WIX

1.5 mi buffer from WUI

Wildland vegetation Forest and shrublands Hybrid NLCDFUEL: forest
types from FUELMAN

FUELMAN (1 km; Schmidt
et al., 2002) NLCD (30 m;
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henomenon. Although Davis (1990) distinguished interface
rom intermix zones, we followed common practice of using

UI as a general term that includes both interface and intermix
ommunities (e.g., Radeloff et al., 2005). However, when we
etail our methods for developing estimates of the WUI foot-
rint, we need to differentiate these and so we refer to the more
etailed interface and intermix zones in our methodology as
UII and WUIX, respectively.
More recently, quantitative definitions of the WUI have been

escribed based on housing and population density (Federal
egister, 2001a). These definitions have been applied to housing
ensity data to identify the location and extent of the interface
e.g., Nowicki, 2002; Aplet and Wilmer, 2003; Hann and
trohm, 2003; Radeloff et al., 2005). Because the interpretation
nd use of these definitions have large implications on the areal
xtent of mapped WUI, we examine these definitions in detail
elow.

According to the Federal Register definitions, the interface
WUII) refers to an area where structures directly abut wildland
uels, and there is a clear line of demarcation between structures
nd wildland fuels (Table 1). The WUII is defined as containing
t least 7.41 structures or housing units per ha (3 housing units
er acre). This definition (≥3 units per acre) is roughly twice as
ense as urban areas defined by the US Census (i.e. 1000 people
er square mile, which translates to 1.54 units per acre based on
n average of 2.41 people per unit in rural areas of western US).
e have confirmed through ad hoc analysis of aerial photogra-

hy and parcel data that ≥3 units per acre does not adequately
apture the types of housing patterns that fire managers and
eld personnel typically are concerned about. Consequently, we
mploy the alternative definition of WUII provided in the Fed-
ral Register based on at least 96 people/km2 (>250 people/mi2),
hich corresponds to less than 2.02 ha per housing unit (5 acres
er housing unit). We also require WUII to be at least 10 ha

24.7 acre) in size to eliminate numerous small “islands” of
ousing developments so that the WUII will be formed by a
luster of at least 5 housing units—note that this criterion is not
mployed in the Federal Register definition. There is some ambi-

t
d
W
s

location from NLCD
(Vogelmann et al., 2001)

Radeloff et al., 2005)

uity between structures and housing units, but typically these
re assumed to be the same, though land use planners often
onsider garages, barns, and other outbuildings to be important.

The intermix (WUIX) refers to an area where structures are
cattered throughout, with wildland fuels continuous outside of
nd within the developed areas. WUIX is defined in the Fed-
ral Register as ranging from “. . . structures very close together
o one structure per 40 acres” or “. . . emphasizes a population
ensity of between 28 and 250 people per square mile” (Federal
egister, 2001a, p. 753). This definition from the Federal Reg-

ster is commonly interpreted as between 1 unit per 0.12 and
6.18 ha (1 unit per 0.3–40 acre), or alternatively between 11
nd 96 people/km2 (28 and 250 people/mi2).

Because the WUII is defined as the interface with wildland
egetation, we compute it by finding the spatial intersection of
he wildland vegetation with areas of WUII housing density.
he WUIX, in contrast, contains houses scattered throughout
ildland vegetation and therefore we compute its area as a pro-
ortion related to the housing density (described below). We also
ollow common practice of identifying wildland vegetation as
eing composed of the following National Land Cover Dataset
NLCD; Vogelmann et al., 2001) classes: forested, shrubland,
rassland (excepting tundra), and wetlands types (excluding
gricultural, transitional, water, and urban/built-up lands).

In a previous effort to estimate the WUI nationwide, Stewart
t al. (2003) and Radeloff et al. (2005) interpreted the Federal
egister definitions differently than we have here. Rather

han differentiate WUII from WUIX by housing density, they
ifferentiate them by the proportion of wildland vegetation that
s contained in a census block. They define a block as WUII if it
as at least 1 housing unit per 16 ha and contains less than 50%
ildland vegetation as defined from the NLCD (Vogelmann et

l., 2001). WUIX has the same housing density threshold but
as at least 50% wildland vegetation within a block. Moreover,

hey did not remove public lands from their mapping of housing
ensity by census block. We chose to distinguish WUII and
UIX solely on the basis of housing density because it is

impler, is consistent with the Federal Register definition, and
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voids under-representation of low-density development lower
han roughly 1 unit per 1 ha that is typically poorly resolved in
LCD (Ward et al., 2000). Table 1 provides the definitions we

mployed in this paper and compares them to Davis (1990) and
adeloff et al. (2005).

.3. Community protection zone

We assumed that for HFRA treatments to be effective at
educing wildland fire hazard, they must be applied nearby the

UII. This zone is typically called the community protection
one (CPZ). There is no standard or uniform buffer distance
o generate the CPZ, but typically treatment zones have been
enerated by buffering WUII density areas by 800, 1600, and
200 m (0.5, 1.0, and 2.0 mi) (e.g., Nowicki, 2002; Hann and
trohm, 2003). Although there is no clear guidance on a distance

o use, we examined buffer distances that roughly capture the
ange of different fire fighting objectives, including structure
rotection, a safe fire fighting zone based on the maximum
ustained flame length of a crown fire, and avoidance of flying
mbers (also see Wilmer and Aplet, 2005). We recognize that,
nder extreme weather conditions such as those that occurred
uring the Hayman wildfire in Colorado in 2002 (Graham,
003), even very large buffer zones may be inadequate to
rotect homes from wildfire.

The typical method used to buffer in a geographic information
ystem (GIS) assumes an isotropic process, whereby the buffer
adiates equally in all directions with no attention to interven-
ng vegetation types. To incorporate the variability of vegetation
ypes that might be incorporated into the CPZ, we employed a
ariable-width buffering technique that uses cost distance com-
utations (Flamm et al., 2001; Adriaensen et al., 2003; Theobald,
006) that associates different cost-weights with different veg-
tation types from the NLCD (Table 2). This allows the shape
nd distance of the CPZ to conform to local conditions rather
han being uniform. For example, consider a small town that

eets the housing density and size criteria for WUII, and that
s flanked by coniferous vegetation on the west half, grasslands
n the northeast quarter, and a lake on the southeast quarter.

ypical application of a buffering technique would not distin-
uish between these three conditions that surround the WUII,
et clearly treatment of the forested vegetation will need to be
eeper than the grassland to reduce the fire hazard, and no treat-

able 2
ost weights associated with major NLCDFUEL types for variable-width buffer-

ng of community protection zone around Wildland Urban Interface

LCDFUEL type Cost weight

ater 10
eveloped/Urban 5
ransitional 6
orest—deciduous 2
orest—coniferous 1
hrubland—chaparral 1
hrubland—other 3
rassland 4
etlands 5
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ent is needed for the lake. We weighted coniferous forest by
value of 1, meaning that cost-weighted and Euclidean dis-

ance are the same. Grasslands provide less fuel and so are less
azardous, and are weighted by 4, roughly meaning that 1/4 of
djacent areas in grassland would need to be treated, as com-
ared to coniferous forest. Although our weights are arbitrary,
hey are logical improvements over naı̈ve (or implicit) assump-
ions of equal-weighting. Although future research should refine
ur weights (Table 2), our initial estimates provide a preliminary
ay to incorporate widely recognized differences between veg-

tation types (e.g., forested versus grassland and “natural” fire
reaks such as lakes and wide riparian/wetland corridors).

We distinguish three classes of the CPZ based on cost-
eighted distance. The three buffer distances represent a
radient of treatment intensity. Locations within 800 m (0.5 mi)
f the WUII would most likely include whatever mechani-
al treatments are necessary to ensure community protection.
ocations from 800 to 1600 m (0.5–1 mi) would undergo thin-
ing and other structural modifications designed to minimize
re behavior, and locations from 1600 to 3200 m (1–2 mi)
ould experience a variety of less extensive treatments such

s carefully placed patch cuts or prescribed burning, intended
o minimize the probability of fire moving into the WUI. Of
ourse these are approximations of actual on-the-ground treat-
ent that would better incorporate site-specific conditions such

s slope, stand age/structure, and prevailing winds. Also, we do
ot consider defensive space or “firewise” treatments within the
mmediate vicinity of homes (radius of ca 40 m; Cohen, 2000),
ven though this is the area where treatment can have the greatest
ffect on reducing a home’s vulnerability.

Because the WUIX is defined to contain a lower density of
tructures with wildland fuels continuous inside and outside the
eveloped areas, without a “clear line of demarcation”, we used a
ifferent approach to identify the area associated with the WUIX
hat would need to be treated for protecting residential struc-
ures. That is, we do not presume to know the precise location
f structures within the WUIX, so we estimate the proportion
f the WUIX containing wildland fuels that would need to be
reated given the housing density level assuming an 80 m radius
firewise” treatment zone around each housing unit. Conceptu-
lly we computed the proportion of area needed to be treated
n the WUIX by identifying the number of housing units within
n area with WUIX density (but less than WUII and outside of
he CPZ), converting the number of housing units to the treat-

ent area (assuming 2.06 ha per unit), then dividing the WUIX
reatment area by the whole area of WUIX density. The resulting
roportion ranges from 0 to 100%. This proportion is an esti-
ate of the area needed to treat around residential development
ith densities between 1 housing unit per 2.06 and 16.18 ha (1
nit per 5–40 acre). This method better incorporates gradients
f housing density in the intermix zone and therefore is more
obust to assumptions of buffer distances. Although 40 m is a
ore common radius (Cohen, 2000), we selected 80 m because
t is a more conservative estimate, it incorporates a reasonable
one to treat (2.06 ha), and this zone is the same area occupied
t the low end of our WUII definition. Refining this estimate
hould be a priority for future research.
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Table 3
Characteristic fire regimes for natural vegetation types (with empirically determined mean fire intervals in parentheses, if available from the literature), dominant
control(s) on fire occurrence and severity (after Schoennagel et al., 2004), and fire hazard ratings used in our model (i.e., the potential for uncontrollable and damaging
fire behavior, should fire occur), for each of the vegetation types in NLCDFUEL

Vegetation Type Predominant Type
of Fire Regime

Dominant Control(s)
on Fire Regime

Fire Severity Rating Selected References

Forest—
deciduous

Oak-pine Variable intensity and
severity, variable frequency
(10–200 years)

Ignition, fuels High (low or variable) Wade et al. (2000)

Oak-hickory Low intensity and severity,
variable frequency (1–35
years)

Ignition Low Wade et al. (2000), Brose et al.
(2001), Guyette and Spetich
(2003)

Oak-gum-cypress High intensity and severity,
low frequency 35–200+
years)

Weather, ignition High Wade et al. (2000)

Elm-Ash-Cottonwood Low intensity and severity,
variable frequency (10–200
years)

Ignition, fuels,
weather

Low Timoney et al. (1997), Wade et
al. (2000), Bess et al. (2002)

Maple-beech-birch Low intensity and severity,
low frequency (ca. 1000
years)

Weather Low Clark and Royall (1996), Wade et
al. (2000)

Aspen-Birch Low intensity and severity,
variable frequency

Weather Low Jones and DeByle (1985), Brown
and Simmerman (1986)

Western Hardwoods Variable intensity and
severity, variable frequency
(11–150 years)

Ignition, fuels,
weather

Low Agee (1993), Arno (2000)

White-red-jack pine Variable intensity and
severity, variable frequency
(20–300 years)

Ignition, fuels,
weather

High (low or variable) Duchesne and Hawkes (2000)

Eastern spruce-fir High intensity and severity,
low frequency (35–200+
years)

Weather High Duchesne and Hawkes (2000)

Longleaf-slash pine Variable intensity & severity,
high frequency (1–10 years)

Ignition, fuels High (low or variable) Wade et al. (2000)

Loblolly-shortleaf
pine

Variable intensity & severity,
high frequency (2–25 years)

Ignition, fuels High (low or variable) Wade et al. (2000)

Forest—
coniferous

Ponderosa Pine Low to variable intensity and
severity, high to variable
frequency (2–340 years)

Fuels, weather High (low or variable) Agee (1993), Shinneman and
Baker (1997), Brown et al.
(1999), Moore et al. (1999), Arno
(2000), Heyerdahl et al. (2001)

Coastal Douglas-fir
(west of Cascades)

Variable intensity and
severity, low frequency
(200–>1000 years)

Weather High Agee (1993, 1998, 2003), Arno
(2000)

Interior Douglas-fir
(elsewhere)]

Variable intensity and
severity, variable frequency
(6–100 years)

Fuels, weather High (low or variable) Agee (1993), Arno (2000)

Larch Variable intensity and
severity, variable frequency
(10–>300 years)

Fuels, weather High (low or variable) Franklin and Dyrness (1987),
Agee (1993), Arno (2000)

Western White Pine Variable intensity and
severity, variable frequency
(50–300 years)

Fuels, weather High (low or variable) Arno (2000)

Lodgepole Pine High to variable intensity and
severity, low to variable
frequency (22–>300 years)

Weather High Renkin and Despain (1992),
Johnson and Wowchuk (1993),
Arno (2000), Buechling and
Baker (2004)

Hemlock-Sitka
Spruce

High intensity and severity,
low frequency (200–>1,000
years)

Weather High Hemstrom and Franklin (1982),
Agee (1993, 1998)

Western Fir-Spruce High intensity and severity,
low frequency (63–600 years)

Weather High Agee (1993, 1998), Veblen et al.
(1994), Arno (2000)

Redwood Variable intensity and
severity, variable frequency
(5–600 years)

Ignition, fuels,
weather

High (low or variable) Agee (1993), Arno (2000),
Brown and Baxter (2003)

Pinyon-Juniper High to variable intensity and
severity, low to variable
frequency (10–400 years)

Weather, fuels High (low or variable) Arno (2000), Miller and Tausch
(2001), Romme et al. (2003a,b),
Baker and Shinneman (2004)
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Table 3 (Continued )

Vegetation Type Predominant Type
of Fire Regime

Dominant Control(s)
on Fire Regime

Fire Severity Rating Selected References

Grasslands Annual (California)
Grassland

Low intensity, high severity,
variable frequency (<100
years)

Ignition Low Paysen et al. (2000)

Mountain Grassland Low intensity, high severity,
variable frequency (<300
years)

Ignition Low Paysen et al. (2000), Romme et
al. (2003a,b)

Plains Grassland Low intensity, high severity,
high frequency (<35 years)

Ignition Low Paysen et al. (2000)

Prairie Grassland Low intensity, high severity,
high frequency (<35 years)

Ignition Low Paysen et al. (2000)

Desert Grassland Low intensity, high severity,
variable frequency (<100
years)

Ignition Low Paysen et al. (2000)

Texas Savanna Variable intensity and
severity, high frequency (<35
years)

Ignition Low Paysen et al. (2000)

Alpine Tundra Low intensity & severity, low
frequency

Weather, fuels Low –

Shrublands Juniper-pinyon
Shrubland

High to variable intensity &
severity, variable frequency
(<500 years)

Weather High Floyd et al. (2000), Paysen et al.
(2000)

Juniper Steppe
Shrubland

Variable intensity & severity,
variable frequency (<500
years)

Weather High Floyd et al. (2000), Paysen et al.
(2000)

Mesquite Bosques
Shrubland

High intensity severity,
variable frequency (<100
years)

Weather High Paysen et al. (2000)

Sagebrush Shrubland High intensity and severity,
variable frequency (20–70
years)

High Houston (1973), Paysen et al.
(2000)

Chaparral Shrubland High intensity and severity,
variable frequency (<100
years)

Ignition, weather High Paysen et al. (2000), Keeley and
Fotheringham (2001), Minnich
(2001)

Southwest shrub
steppe Shrubland

High intensity and severity,
variable frequency (<100
years)

Ignition, weather High Paysen et al. (2000)

Desert shrub
Shrubland

High intensity and severity,
variable frequency (<100
years)

Ignition, weather High Paysen et al. (2000)

Wetlands Woody High intensity and severity, Weather, ignition High –

ion, w
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Herbaceous Low intensity, high severity,

variable frequency
Ignit

.4. Wildfire severity

Because consistent national maps of wildfire severity or
re regime condition class were not available (but see:
ww.landfire.org, anticipated availability 2009), we used pub-

ished literature and available fine-scale land cover data to
istinguish between two contrasting historical fire regimes: low
nd high severity. Although short-term risk to wildfire is impor-
ant, we were interested in examining wildfire severity – the
ikely effects should a fire occur (Hardy, 2005) – from a long-
erm perspective.

Low severity means that most fires burn at relatively low

ntensity through surface fuels, with little potential for spread
nto tree or shrub crowns, and would be relatively easy to
ontain or suppress. High severity means that many or most
res burn at high intensity, often through crowns, and would

o
w
(
o

eather High –

e difficult to contain or suppress. Many ecosystems would
e best described as having a “variable-severity” fire regime,
ntermediate between our contrasting low and high categories.
owever, to simplify the classification and to make our haz-

rd ratings as optimistic as possible, we aggregate the variable
everity fire regimes into the low severity class for mapping
urposes.

Fire regimes in spruce-fir, lodgepole pine, coastal Douglas-
r, chaparral and other shrublands were historically dominated
y high-severity, stand-replacing fires (Table 3). In contrast, his-
orical fire regimes typical of ponderosa pine, mixed conifer, and
nterior Douglas-fir were dominated by low-severity surface fires

r by variable-severity fires. For example, stand-replacing fire
as important historically in at least some ponderosa pine forests

e.g., Shinneman and Baker, 1997; Brown et al., 1999), but low
r mixed severity apparently was more common (e.g., Allen et

http://www.landfire.org/
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l., 2002). Each of the forest types in Table 3 is heterogeneous,
nd historical fire severities among all types ranged along a con-
inuum between low to high. Nevertheless, a simple discrete
lassification was needed for a broad-scale analysis of this kind,
nd our classification reflects dominant or modal fire character-
stics in each system. Housing units and other structures in all of
he forest types that we treat are potentially vulnerable to loss due
o wildfire, and all of the forest types have the potential to burn
ventually, even though some will likely burn sooner than others.
ote, for example, that although we map grasslands as low haz-

rd, we do not imply that homes in grasslands are invulnerable, as
ecent fires in Oklahoma and Texas demonstrated in December
005 and January 2006. However, homes would likely be easier
o defend in a low severity vegetation type than in a high severity
ype.

It may be possible to ameliorate potential fire damage in
cosystems rated as “high” severity by reducing fuels, but such
reatments would represent wildfire mitigation only – not eco-
ogical restoration – because heavy fuel loads and severe fires
re a normal part of the historical fire regimes (Veblen, 2003;
choennagel et al., 2004). Moreover, even if fuels are reduced,
amaging fires are still possible because these kinds of forests

urn primarily under conditions of extreme drought and wind,
hen fire control may be impossible even with reduced fuel

oads (Schoennagel et al., 2004).

W
D
l

Fig. 1. The wildfire hazard clas
d Urban Planning 83 (2007) 340–354

Forest types in which the historical fire regime was domi-
ated by low-severity surface fires or by mixed-severity fires,
ut where 20th century fire exclusion has created the potential
or high-severity fires today, were placed in a third fire sever-
ty class: “high (historically low or variable).” If such a forest
as been treated by appropriate application of mechanical thin-
ing and/or prescribed low-intensity fire, then it would actually
xhibit a low (or variable) wildfire severity hazard. It also is
easonable to assume that treatment also would represent eco-
ogical restoration in most of these forests (e.g., Pollet and Omi,
002, Friederici, 2003; Veblen, 2003), although this depends on
he specifics of the treatment procedures. We did not have infor-

ation on recent natural fires or treatments, so here we make
he assumption that treatment has not occurred for these vege-
ation types. Certainly there will be situations where treatment
as occurred that we are not able to map, but from a long-term
erspective this is a reasonable assumption to make. Thus, our
stimates of area in which both fire mitigation and restoration
re needed and feasible – “high (historically low or variable)” –
ill reflect a high or maximum case scenario.
To generate a map of wildland vegetation types, we com-

ined two commonly available national land cover products.

e started with land cover types from the National Land Cover
ataset (NLCD). NLCD is a relatively fine-grained (0.22 ha)

and cover data set (Vogelmann et al., 2001). However, NLCD

ses for the United States.
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istinguishes only three forest types (e.g., coniferous, decidu-
us, and mixed forest), and does not differentiate different types
f grassland (e.g., tundra versus short-grass versus prairie) or
hrubland (e.g., chaparral versus sagebrush versus desert shrub).
ather, we used data from the US Department of Agriculture’s
UELMAN dataset (1 km2 resolution; Schmidt et al., 2002) that
istinguishes forest and shrubland types. It is based on an inte-
ration of Advanced Very High Resolution Radiometry satellite
magery data (1 km2) and US Forest Type Groups (Powell et al.,
993) that is based on extensive field data.

We generated a synthetic map by assigning the cover types
rom FUELMAN to the NLCD (Figs. 1 and 2; Table 4). For each
f the major vegetation categories (deciduous forest, coniferous
orest, shrubland, and grassland), we found for each cell in the
LCD the specific vegetation type from the FUELMAN dataset

hat was closest to that location. For example, if a cell was classi-
ed as deciduous forest in NLCD, then we would find the closest
eciduous forest type distinguished in the FUELMAN dataset

e.g., aspen-birch versus oak, etc.). This synthesis results in a
ap we call NLCDFUEL that is fine-grained and also distin-

uishes between different major vegetation types. Although the
ifferences between specific vegetation types is approximate,

4
m
i
w

ig. 2. The wildfire hazard classes shown for western Colorado. Note the fine-grain (
d Urban Planning 83 (2007) 340–354 347

he resulting dataset provides consistent and comprehensive data
or understanding broad scale vegetation patterns and cleans up
umerous misclassifications of developed lands in the FUEL-
AN dataset.

. Results

We report our results for the current (2000) conditions of the
UI, followed by trends over time (below). We estimate that

he wildland–urban interface (WUII) and its treatment zone out
o 3200 m was 465,614 km2 nationwide in 2000 (Figs. 3 and 4;
able 5). In addition to the CPZ generated around the WUII,

he WUIX extent in 2000 occupied an additional 478 km2 of
reatment area associated with houses in the intermix (not the
otal extent of land occupied at intermix density).

The use of multiple buffer classes provides insight into the
ensitivity of the assumption of the extent of the WUI. The
xtent of the WUI in 2000 ranged from 133,391 to 240,510 to

65,614 km2 assuming buffer distances of 800, 1600 and 3200

respectively. The proportion of WUI in high or high (histor-
cally low or variable) hazard remains constant at roughly 65%
ith the different buffer distance assumptions, though this may

0.22 ha) resolution of the data. County boundaries are shown by grey lines.
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Table 4
Vegetation classes from NLCD and FUELMAN used to create a combined NLCDFUEL data layer. The values of the proportion of WUI for each class is defined
using the WUII plus 3200 m buffer community protection zone

NLCD Cover type FUELMAN vegetation typea NLCDFUEL km2 % US % WUI

Water—open water 11 404921.1 5.03 0.57
Water—perennial ice/snow 12 1521.8 0.02 0.0
Developed—Low intensity residential 21 82083.5 1.02 1.76
Developed—High intensity residential 22 21041.5 0.26 0.14
Developed—Commercial/Industrial/Transportation 23 45462.1 0.56 0.51
Transitional—Bare rock/sand/clay 31 110458.1 1.37 0.14
Transitional—Quarries/stripmines/gravel pits 32 6686.1 0.08 0.02
Transitional—Transitional 33 49637.2 0.62 0.37

Forest—Coniferous or mixed White-red-jack pine 4213 106564.7 1.32 8.35
Eastern spruce-fir 4214 61062.2 0.76 2.32
Longleaf-slash pine 4215 104047.7 1.29 7.76
Loblolly-shortleaf pine 4216 352732.6 4.38 23.82
Ponderosa Pine 4217 208266.1 2.59 4.82
Douglas-fir 4218 124956.3 1.55 3.33
Larch 4219 9787.0 0.12 0.27
Western White Pine 4220 9094.1 0.11 0.16
Lodgepole Pine 4221 107453.2 1.33 1.01
Hemlock-Sitka Spruce 4222 8072.3 0.10 0.44
Fir-Spruce 4223 79719.2 0.99 1.49
Redwood 4224 15127.4 0.19 1.00
Pinyon-Juniper 4225 157536.2 1.96 2.57
Oak-pine 4106 120638.8 1.50 7.16

Forest—Deciduous Oak-hickory 4107 439203.3 5.45 3.40
Oak-gum-cypress 4108 45756.8 0.57 2.53
Elm-Ash-Cottonwood 4109 30783.2 0.38 0.08
Maple-beech-birch 4110 182110.6 2.26 1.71
Aspen-Birch 4111 83507.5 1.04 0.44
Western Hardwoods 4112 30025.8 0.37 0.50
Juniper-pinyon 5122 14848.9 0.18 0.18

Shrubland Juniper Steppe 5123 467.1 0.01 0.07
Mesquite bosques 5124 568588.5 7.06 0.00
Sagebrush 5125 83948.9 1.04 1.75
Chaparral 5126 306872.3 3.81 3.27
Southwest shrub steppe 5127 441221.5 5.48 1.33
Desert shrub 5128 14848.9 0.18 2.19
Annual (California) 7130 72092.4 0.89 0.46

Grassland Mountain 7131 104733.5 1.30 0.13
Plains 7132 701698.5 8.71 0.15
Prairie 7133 155534.9 1.93 0.08
Desert 7134 112563.0 1.40 0.16
Texas savanna 7135 40473.6 0.50 0.09
Alpine tundra 7137 42391.6 0.53 0.00

Agricultural Cropland, pasture, orchards 81, 82, 83, 84, 85, 61 1178819 9.89 9.89
Wetlands—Woody 91 221272.6 2.75 2.75
W
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etlands—Herbaceous

a Forest FUELMAN types from Current vegetation layer. Grassland and shru

ary locally. As the CPZ buffer distance increases, more of the
UIX is incorporated directly within the WUII + CPZ buffer.

he proportion of WUIX in high or high (historically low or
ariable) hazard is slightly lower at 51%.

To provide a comprehensive and broad-scale assessment of
UI expansion, as well as to streamline our presentation of
esults, we report statistics below using the 3200 m buffer (unless
therwise noted) to encompass the full gradient of treatment
oals: protection, minimize fire severity, and minimize con-
inuity of WUI with remainder of the forest. In general, the

(
E
o
o

92 98360.7 1.22 1.22

types came from FUELMAN—Potential Natural Vegetation.

roportion of forest types within the WUI is stable as a function
f buffer distance (there may be local variability)—although the
roportion of private land does increase slightly with larger CPZ
uffer distances.

By major ownership types, the WUI is dominated by private
and ownership—over 89%, while only 7% is federally owned

state and local government entities own the remaining land).
ven in the “public-land states” of the western US, over 65%
f the WUI is in private land ownership, while 30% is federally
wned. Of the public land owners, 39.1% of the WUI in 2000 is
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wned by the USDA Forest Service, followed by state govern-
ent (30.7%), Bureau of Land Management (6.7%), National
ark Service (3.6%), Department of Defense (3.6%) and US
ish and Wildlife Service (1.6%).

Wildland vegetation represented in the NLCDFUEL map
omprised 65.2% of the US. Of the wildland vegetation, 28.4%
as forested, 18.5% shrubland, 14.4% grassland, and 3.9% wet-

and. Coniferous or mixed forest types occupied 18.2%, while
eciduous forest types occupied 10.2% (Table 4). The major
orest types in the US are oak-hickory (5.4%), loblolly-shortleaf
ine (4.4%), ponderosa pine (2.6%), maple-beech-birch (2.3%),
inyon-juniper (1.9%), Douglas-fir (1.6%), oak-pine (1.5%),
nd lodgepole pine (1.3%). Nearly all forest types comprise a
uch higher proportion of the WUI than would be expected from

ts proportion of the entire US, except for lodgepole pine (1.33%
S to 1.01%), oak-hickory (5.45% US to 3.40% WUI), elm-

sh-cottonwood (0.38% US to 0.08% WUI), maple-beech-birch
2.26% US to 1.71% WUI), aspen-birch (1.04% US to 0.44%

UI), and juniper-pinyon (0.18% US to 0.18% WUI). This
hows the association of development with forests, particularly
n the western US.

Roughly 35% of the WUI occurs in wildland vegetation types

onsidered to be of low wildfire severity, 17% in high severity,
nd 48% in high severity (historically low or variable) (Table 5).
early all 48 states have some WUI, but 10 states (Delaware,
istrict of Columbia, Illinois, Indiana, Iowa, Kansas, Nebraska,

a
M
W
W

200 m buffer community protection zone) and the intermix (WUIX) zones are

evada, North Dakota, and South Dakota) contain less than 500
m2 of WUI in high or high (historically low or variable) severity
lasses (though the Black Hills Region has a particular concen-
ration of high WUI). The western 11 states occupy roughly
0% of the continental US, but contain about 17% of the WUI.
owever, over half of the West’s WUI is in high severity class,

s compared to only 10% in the East. California and Colorado,
oth often in the national spotlight when wildfires occur, have
bout 50% of their WUI within high severity (and California
as an additional 45% of high (historically low or variable) veg-
tation). Yet Washington, Oregon, and Wyoming have higher
roportions of their WUI within high severity class (65%, 71%,
nd 78%, respectively).

There are also some important changes over time of the WUI.
he current extent of 465,614 km2 nationwide in 2000 is an

ncrease of over 159,500 km2 (+52%) from 1970. The states
hat had the greatest proportion of expansion from 1970 to 2000
ere mostly in the west—in fact 9 western states were in the top
6: Nevada, Montana, Idaho, Wyoming, Arizona, New Mexico,
issouri, Vermont, Minnesota, Oklahoma, Colorado, Wiscon-

in, California, Nebraska, Virginia, and Utah. The top 6 states of
reatest anticipated expansion of WUI from 2000 to 2030 again

re from the intermountain west: Nevada, Arizona, Colorado,
ontana, Utah, and Idaho. The midwestern states of Minnesota,
isconsin, Michigan, Missouri, and Indiana have had moderate
UI expansion historically and will likely continue expanding
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o 2030. For public lands, the greatest expansion from 1970 to
000 of WUI occurred on Forest Service lands (75%), Bureau of
and Management (66%), and state-owned lands (64%)—and
lightly less (44%) on National Park Service lands.

The total extent of WUI is likely to grow to at least
13,670 km2 by 2030, an increase of 48,057 km2 (+10%). The
egions with the greatest expansion likely to happen by 2030
nclude the intermountain west states of Nevada (63%), Ari-
ona (34%), Colorado (21%), Montana (19%), Utah (18%), and
daho (17%), and the upper Midwest states of Indiana (17%),

innesota (15%), and Wisconsin (15%).

. Discussion

Our results provide the most precise and comprehen-
ive national-level characterization of the WUI yet available.
ationwide the amount of land within the WUI is quite
xtensive—about 14% larger than the entire state of California.
he majority of the WUI occurs on private land. WUI is dispro-
ortionately found in the eastern US—60% of the land mass is
n the East, but it has 83% of the WUI. Nearly 40% of the WUI

t
t

t

200 m buffer community protection zone) and the intermix (WUIX) zones are
wn by grey lines.

n the East is of low severity type, in contrast to 12% low severity
n the West. The East and West have roughly the same extent
f the WUI in high severity fire regimes (∼40,000 km2), but the
ast has over 6 times the area in high (historically low or vari-
ble) fire regime. The intermountain west, particularly Nevada,
rizona, Colorado, Montana, Utah, and Idaho, and the Midwest

tates of Indiana, Minnesota, and Wisconsin will likely face the
reatest expansion of WUI in the near future.

There are several implications for forest fire treatments.
ationwide roughly 65% of the WUI has wildland vegetation

ypes that we classified as high or high (historically low or vari-
ble). The western states have a much higher proportion of their

UI in high severity class (over 50% versus 10%). In Arizona,
alifornia, Idaho, Montana, Nevada, and New Mexico the area
f high (historically low or variable) exceeds high severity veg-
tation types and so treatment activities in these states could
e loosely regarded as ecological restoration. A minority of the

reatment area of the WUI in these states should be considered
o be mitigation.

Ecological restoration entails returning a degraded ecosystem
o its historical trajectory, usually defined as the characteristics
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Table 5
Extent (km2) and proportion of CPZ (WUI + 3200 m buffer) in low, high, and high (historically low or variable) wildfire hazard types. Vegetation types classed as
“high if not treated” are those having historical fire regimes of low or mixed-severity fires, where thinning and low-intensity burning treatments can reduce fire hazard
and also restore historical forest structure. Vegetation types classed as “high” are those where historical fire regimes were dominated by infrequent, stand-replacing
fires, where thinning may confer some fire mitigation but would not represent “restoration” of historical conditions

State Area (km2) Hazard area (km2) Proportion of WUI

Low High High (variable) Total Low (%) High (%) High (variable) (%)

Alabama 133945 4819 1479 18567 24865 19.4 5.9 74.7
Arizona 294517 233 2297 3974 6504 3.6 35.3 61.1
Arkansas 137045 2883 721 6349 9953 29.0 7.2 63.8
California 408640 1392 13691 12169 27252 5.1 50.2 44.7
Colorado 269621 1732 4042 2278 8052 21.5 50.2 28.3
Connecticut 12889 4126 557 1627 6311 65.4 8.8 25.8
Delaware 5321 280 124 278 682 41.1 18.1 40.7
D. of Columbia 171 12 0 7 19 61.6 1.2 37.2
Florida 144563 0 2770 8337 11107 0.0 24.9 75.1
Georgia 151851 1692 1767 25508 28967 5.8 6.1 88.1
Idaho 215856 208 858 1957 3023 6.9 28.4 64.7
Illinois 145814 1846 143 163 2152 85.8 6.6 7.6
Indiana 94276 2082 111 223 2416 86.2 4.6 9.2
Iowa 145707 549 29 5 584 94.1 5.0 0.9
Kansas 212887 272 19 39 330 82.4 5.9 11.8
Kentucky 104428 7613 81 3161 10855 70.1 0.7 29.1
Louisiana 118716 177 1854 7403 9434 1.9 19.7 78.5
Maine 83299 3599 5208 5103 13909 25.9 37.4 36.7
Maryland 25225 2947 324 1649 4920 59.9 6.6 33.5
Massachusetts 21166 4498 974 3872 9344 48.1 10.4 41.4
Michigan 149956 8692 2219 3896 14808 58.7 15.0 26.3
Minnesota 218901 3109 1482 855 5446 57.1 27.2 15.7
Mississippi 123334 322 1682 9587 11590 2.8 14.5 82.7
Missouri 180865 5163 134 1606 6903 74.8 1.9 23.3
Montana 381353 377 1567 1372 3316 11.4 47.2 41.4
Nebraska 200284 39 2 4 44 88.1 3.5 8.4
Nevada 286633 5 117 288 410 1.2 28.6 70.2
New Hampshire 23982 3328 1887 4714 9929 33.5 19.0 47.5
New Jersey 19444 2319 727 3120 6166 37.6 11.8 50.6
New Mexico 315353 371 867 2811 4048 9.2 21.4 69.4
New York 125773 13949 1783 12039 27771 50.2 6.4 43.4
North Carolina 127035 10434 2979 17813 31227 33.4 9.5 57.0
North Dakota 183398 71 7 0 79 90.3 9.5 0.2
Ohio 106691 7262 303 823 8388 86.6 3.6 9.8
Oklahoma 181309 2563 86 722 3371 76.0 2.6 21.4
Oregon 251416 1111 6976 1753 9839 11.3 70.9 17.8
Pennsylvania 117481 21020 343 6341 27705 75.9 1.2 22.9
Rhode Island 2706 853 129 456 1438 59.3 9.0 31.7
South Carolina 79947 1311 3475 12476 17262 7.6 20.1 72.3
South Dakota 199932 123 8 369 499 24.6 1.5 73.9
Tennessee 109018 8891 118 10250 19260 46.2 0.6 53.2
Texas 684897 3272 2793 12675 18739 17.5 14.9 67.6
Utah 219817 508 1310 794 2612 19.4 50.2 30.4
Vermont 24872 2478 1928 1286 5692 43.5 33.9 22.6
Virginia 103133 8032 777 7239 16047 50.0 4.8 45.1
Washington 174278 2968 8267 1561 12795 23.2 64.6 12.2
West Virginia 62752 8393 26 2306 10724 78.3 0.2 21.5
Wisconsin 145266 5092 840 2269 8201 62.1 10.2 27.7
Wyoming 253306 110 491 28 629 17.5 78.1 4.4

Nationwide 7779072 163124 80372 222118 465615 35.0 17.3 47.7
W 3
E 5

a
t
o
t

estern 11 3070789 9015 40482 2898
astern 37 4708283 154110 39890 19313
nd processes that typified the period before Euro-American set-
lement, whereas fire mitigation is simply reduction of fire risk
r fire severity, regardless of whether the result mimics the his-
orical trajectory. Both goals are congruent in some ecosystems,

e
e
(
g

78480 11.5 51.6 36.9
387134 39.8 10.3 49.9
.g., Southwestern ponderosa pine forests, but are not congru-
nt where historical fire regimes were dominated by severe fires
Veblen, 2003). In contrast, the reverse is true in Colorado, Ore-
on, Utah, Washington, and Wyoming where the majority of
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reatments should be considered wildfire mitigation because of
orested vegetation that occurs in their WUI. We cannot address
he question of what proportion of the high severity areas are
ctually in need of treatment, or have been treated recently, but
his would be a high priority research issue.

We also believe there are a number of important implications
or public policy and land management that can be drawn from
ur findings. First, the residential forest and associated wildfire
azard within the expanding WUI is not solely a federal land
anagement issue—only about 7% the WUI forest nationwide

hat may be in need of treatment is publicly owned (89% is pri-
ately owned nationally and 65% in the western states, excluding
K and HI). These findings would support arguments for a more
uanced approach to dealing with the WUI that might include
hifting more of the forest management and fire protection costs
rom public taxpayers to private land owners living in the WUI,
s well as other policy approaches that can be better tailored to
rivate land use such as economic incentives, more restrictive
rivate home fire insurance policies, or targeted acquisition of
onservation easements. In a recent audit, 87% of large wild-
res reviewed by the Office of Inspector General were fought
rimarily to protect private property (OIG, 2006).

Second, the National Fire Plan of 2001 (NFP) and the Healthy
orests Restoration Act of 2003 (HFRA) have been developed

o address concerns about hazardous wildfire in the US, par-
icularly along the WUI. Yet consideration of broad-scale and
ong-term processes have been largely absent from discussions
bout whether treatment can be reasonably considered restora-
ion, or whether they are simply (and importantly) mitigation
ctivities. Results from our study suggest that, in the West in
articular, less than half of the WUI occurs in forests where
reatments would restore fire regimes, rather they should be
onsidered mitigation against high severity fires.

Third, reasonable estimates of treating the high or high if
ot treated portions of the WUI would range from US$ 500 to
S$ 2500 per acre using common techniques such as prescribed
urning and mechanical thinning (Barbour et al., 2001; Hann and
trohm, 2003)—though these are average treatment costs and do
ot include site-specific factors that would likely increase costs
e.g., steep slopes, poor road/trail access, planning complica-
ions and coordination, etc.). For example, Berry and Hesseln
2004) found that mechanical fuels treatments were three to four
imes as expensive if they occurred in the WUI. As a result, a
ery rough estimate of treatment of the WUI would range from
S$ 16 to US$ 280 billion. Treatment costs would increase

ven further to meet the broader goals of HFRA that established
dditional priorities beyond protection of residential structures,
ncluding municipal drinking watersheds and streams, vulner-
ble areas associated with natural disturbances such as disease
r insect epidemics, and land that contains threatened or endan-
ered species habitat. It seems unlikely that these additional
riorities will be adequately addressed without a re-allocation
f public funds from protecting privately owned structures, espe-

ially in the face of continued expansion of the WUI.

Our methods offer a more precise mapping of WUI because
e used refined blocks that were converted to 1 ha grid cells,
ariable-width buffering techniques, and a narrower definition of

f
o
d
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ousing density provided in the Federal Register. Our estimates
f WUI in 2030 (expansion by only 10% from 2000) are likely to
e conservative because in regional growth models such as SER-
oM it is difficult to pinpoint where new nodes of development
ill occur. In terms of WUI expansion, these nodes of new devel-
pment are key because they cause disproportionate increases
n WUI area. Yet, in SERGoM (and most other land use change

odels), new development is allocated using accessibility along
he existing transportation infrastructure—new roads are not

odeled. Future research on growth models should develop bet-
er methods to forecast new transportation infrastructure and
merging nodes of development.

The next step to develop even more refined estimates of the
UI would be to use finer-grained spatial data, such as parcel

wnership and building location data from either aerial photo-
raph or field-based data. Currently, these data are available for
nly localized areas (e.g., county).

We used the best available national dataset on land ownership
DellaSala et al., 2001) so that we could provide estimates of the
roportion of WUI by ownership category. These data allow us
o make useful and rigorous conclusions about patterns of own-
rship in the WUI, particularly at national and regional extents.
or planning and management activities at a more detailed,
ithin-county level, a number of caveats should be considered,
owever. Land that is conserved under state and local govern-
ent (city/county) ownership in particular is incomplete, with
any boundaries being mapped incorrectly and up to 10% or so

f lands mistakenly identified as privately held lands but which
ctually have been conserved by state or local agencies.

Our estimates suggest that the WUI occupied a smaller (64%)
verall footprint in 2000 than results reported by Radeloff et al.
2005). We also found that roughly 13% of all housing units were
n the WUI (roughly 12.5 million houses), which is lower than
he 38% of units in the WUI reported by Radeloff et al. (2005).
lso, although it may seem that the extent of WUIX is very small

478 km2), especially compared to the WUII (465,614 km2), this
mall figure belies the magnitude of possible effects, particularly
cological. This is because the housing units and associated 2 ha
reatment zones in the intermix are scattered (by definition) and
herefore may cause important fragmentation impacts.

. Conclusions

Our goal in this paper was to develop more precise methods
han previously available to estimate the patterns and trends of
esidential forest expansion in the continental US. We found
hat the WUI in 2000 occupied 465,614 km2, had expanded by
2% from 1970, and will likely expand at least another 10% by
030. WUI occurs disproportionately in the eastern US and on
rivately owned land. Only about 7% of WUI in high severity
re regimes occurs on public lands. In the West, nearly 90% of

he WUI occurs in high (and high variable) severity forest fire
egimes.
We developed sound definitions of wildland–urban inter-
ace, intermix, and community protection zones by building
n those provided in the Federal Register to better reflect
evelopment patterns of interest to forest land managers. We
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mployed advanced mapping techniques that generate rela-
ively high resolution housing density data. In addition to
he general findings of this paper, we believe the exten-
ive datasets that we have generated and made available (see
ww.nrel.colostate.edu/∼davet/wui) will be valuable for a vari-

ty of purposes, including state-level planning efforts (e.g. the
SDA Forest Service’s Forest Stewardship Spatial Analysis
roject), prioritization of forest treatment projects, and assess-
ents of ecological condition of watersheds and forests.
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