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This work addresses the impacts of development at the wildland–
urban interface on forest fires that spread to human habitats.
Catastrophic fires in the western United States and elsewhere
make these impacts a matter of urgency for decision makers,
scientists, and the general public. Using a simple fire-spread model,
along with housing and vegetation data, we show that fire size
probability distributions can be strongly modified by the density
and flammability of houses. We highlight a sharp transition zone
in the parameter space of vegetation flammability and house
density. Many actual fire landscapes in the United States appear to
have spreading properties close to this transition. Thus, the density
and flammability of buildings should be taken into account when
assessing fire risk at the wildland–urban interface. Moreover, our
results highlight ways for regulation at this interface to help
mitigate fire risk.

fire-spread model � percolation theory � regime diagram �
regulatory policy � threshold behavior

Development at the wildland–urban interface (WUI), as
currently defined in the United States (1–3), seriously

modifies fire risk in forested areas (3). The WUI occupies 9% of
the surface and contains almost 39% of all housing units within
the conterminous United States (3). Various impacts of human
settlement and land use on fire patterns have been well docu-
mented (4–8); however, the way that the presence and flamma-
bility properties of houses modify fire size and pattern has not
yet been studied. In the present work, we integrate these aspects
of WUI houses into a fire-spread model (9–11). Plotting our
modeled fire sizes as a function of the vegetation’s fire-spread
probability p and house density d, we show that fire sizes depend
very nonlinearly on p and d, giving rise to a sharp, threshold-like
transition zone in the model’s parameter space. Fire size in this
transition zone is very sensitive to p and d.

Using observational data and an empirical approach to esti-
mate fuel landscape properties (3, 12, 13), we show that many
actual WUI fire landscapes have flammability properties close to
our simple model’s transition zone. The results presented here
suggest, therefore, that house densities and flammability should
inform fire risk assessments in and near the WUI. Moreover,
regulation of construction in the WUI could thus be used to
reduce or mitigate fire risk in these areas.

In the next section, we formulate the fire-spread model, in
which uniform vegetation is modified by the presence of flam-
mable or fire-proofed houses. We then present the main results,
followed by their implications for WUI development. Details on
data and methods appear in the final section.

Modified Fire-Spread Model
The effects of forest fires are especially dramatic in the WUI: in
this zone, wild-land fuels overlap with homes and communities
(14, 15); fire occurrence, therefore, has high human and socio-
economic costs (16, 17). Development in the WUI (1–3), defined
here as the construction of houses and other structures within a
matrix of forests, shrubs, or grassland (15, 18) that is still close

to the original ecosystem (19), greatly modifies fire risk. As
previously stated, the WUI occupies �10% of the surface and
contains �40% of all housing units within the conterminous
United States (3). The WUI is also widespread across other
developed countries, thus requiring the rapid development of
tools for assessing fire risks (15) and for hazard mitigation.

Studies on propagation of fires in the WUI have largely
focused on the relationships between fuel loading and fire
intensity, fuel reduction, and housing protection, as reflected by
the study of fire-risk assessment (15), role of fire breaks (18), and
restoration strategies (20, 21). Although the relationships be-
tween fire intensity, structure ignition, and flammability have
been studied (22, 23), the contribution of housing units to the
pattern of fire spread is not well understood. In recent compre-
hensive reviews of fire, fuels, and climate in Rocky Mountain
forests (24) and the management of such forests (25, 26), the
emphasis is on fuel reduction, prescribed burning, and restora-
tion. Similarly, the role of fire breaks has only been studied in the
context of vegetation management (18, 27).

No model so far takes into consideration the direct influence of
houses on fire spread at the landscape scale. Simple models of
landscape behavior have revealed their ability to successfully rep-
licate major aspects of complex landscape patterns (5, 12, 27–29).
Here, we use a simple fire-spread model to investigate whether,
because of nonlinear threshold effects, a small density of houses
may have substantial impacts on fire propagation at the landscape
scale, according to whether they are fire proofed or not.

To explore the qualitative influence of the presence of houses on
fire spread, we considered only uniform landscapes and fire spread
as a simple percolation process (9–11), with given house densities
and flammabilities. Wind, topography, fuel heterogeneities, fire-
brands, and weather affect actual fire spread (10, 12). The present
theoretical results therefore would need to be integrated into more
detailed fire models before practical, quantitative applications of
the present results could be entirely successful.

Our model represents the landscape as a two-dimensional
lattice of 48 � 48 cells (see modeling details in Data and
Methods). A density d of house cells is distributed at random in
a homogeneous grid of vegetation cells. Fire is ignited in a
randomly chosen cell and spreads from neighbor to neighbor.
Cells burn at most once, and the sides of the lattice are composed
of nonburning cells. Fire propagates at the next time step from
a burning vegetation cell to any of the unburned cells among its
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eight nearest neighbors as an independent stochastic event with
probability p (see Fig. 1).

Actual fuel loadings in a building are typically many times those
in a forest (30). On the other hand, the fire proofing of a house and
of its immediate vicinity significantly reduces the house’s ignition
probability (17). Thus, we considered two categories of house cells:
those that are highly flammable, with a fire-spread probability
ph � 1, so that fire spreads to all of the unburned cells among their
nearest neighbors, and those with ph � 0, not propagating fire at all.
Within a given simulation, all house cells have the same flamma-
bility, i.e., the same value of ph. We distinguish between house
densities d1 when ph � 1 and d0 when ph � 0; these densities can vary
between 0 and 1 from one simulation to another. Fig. 1 illustrates
fire spreading from neighbor to neighbor in our model during one
time step, as well as fire spreading across the entire modeled
landscape. The simulation ends when no new cell is ignited.

Thus, our model is similar to the simplest version of the forest-
fire model EMBYR (12), with homogeneous vegetation and no
wind, into which a density d of house cells has been introduced.

We define fire size S as the number of burnt cells divided by the
total number of cells. For each pair of p and d values, we
performed 1,000 simulations to calculate the average fire size �S�
and fire size distribution P(S).

Model Results
Our model is inspired by percolation theory but goes beyond it
in several ways. The former refers to infinite domains and deals
with the exact value of critical thresholds pc (9), whereas any
ecological domain has finite size, as do our simulated landscapes.
In our finite-domain results, the evaluation of pc is replaced by
the detection of a sharp transition zone in parameter space:
across this zone, the landscape’s fire-spread properties change
radically, as we shall see forthwith.

Homogeneous Flammability. The parameter setting d � 0 in our
model corresponds to classical percolation over a uniform lattice
of finite size, with each cell having eight nearest neighbors. The
mean fire size �S� is plotted in Fig. 2 as a function of the
neighbor-to-neighbor fire-spread probability p; this function
has a characteristic sigmoid shape associated with threshold
phenomena.

We defined five fire classes. Landscapes with a mean fire size
�S� between 0% and 20% of the total lattice size belong to fire
class 1; classes 2–5 lie in the ranges 20.01–40%, 40.01–60%,
60.01–80%, and 80.01–100%, respectively. The size distribution
of all 1,000 fires for each (p, d) pair was calculated, and selected
results are shown in Fig. 3. Class 1 landscapes sustain only small
fires (Fig. 3a); these landscapes lie below our model’s general-
ized percolation threshold and will be called ‘‘subcritical.’’ The
‘‘transition zone’’ is composed of classes 2 and 3; these exhibit
bimodal fire size distributions and fires that attain all but the
largest sizes (Fig. 3 b and c). More than 90% of the fires in classes
4 and 5 propagate across the entire grid, although unburned
areas may be left behind as the fires spread (Fig. 3 d and e); they
lie above our generalized percolation threshold and will be called
‘‘supercritical.’’

In subcritical landscapes, mean fire size is small (Fig. 2), and
so is almost every fire (Fig. 3a). Mean fire size increases rapidly
across the transition zone (Fig. 2). Supercritical landscapes
sustain mainly percolating fires (Fig. 3 d and e), whose mean fire
size is close to the total size of the domain (Fig. 2). These
patterns are easily explained on physical grounds. For low p, fire

Fig. 1. Schematic diagram of fire spread in our model. (a–c) Fire spreading
from neighbor to neighbor during one time step. The central cell ignited at
step t is a vegetation cell (a), a highly flammable house cell (b), or a fire-
proofed house cell (c). Surrounding cells are unburned and may be either
vegetation or house cells. Red cells are on fire; black cells have already burned
and cannot burn again; white cells are unburned. (d and e) Example of fire
spread over the entire model landscape (for p � 0.35; d1 � 0.05). Red cells are
on fire; black cells have already burned and cannot burn again; green cells are
unburned vegetation cells; yellow cells are unburned house cells.

Fig. 2. Mean relative fire size �S� as a function of the vegetation’s probability p of fire spread for different values of house density d and for different house
flammabilities. Size �S� is the mean number of burnt cells divided by the total number of cells, and p is the probability of the fire spreading from a given vegetation
cell to any of its eight nearest neighbors. The density of house-occupied cells is d; for different house flammabilities, d � d0 or d1. Here d0 is the density of houses
that are all fire proofed (ph � 0), and d1 is the density of flammable houses (ph � 1). Mean fire sizes were calculated for 1,000 realizations for each value of p
from 0.0 to 0.9 in steps of 0.05 and of d0 or d1 from 0.0 to 0.4 in steps of 0.1. Black curve is for a homogeneous, vegetation-only fire landscape, d � 0; orange
and blue curves are for flammable or fire-proofed houses, respectively, with additional symbols defined in the key. Increasing p or d1 or decreasing d0 all increase
the mean fire size �S�; remarkably, this increase is very sharp within the transition zone. Indeed, modifying the value of p or d by only 0.1 often suffices to switch
the fire-spread properties of a landscape in or close to the transition zone, from sub- to supercritical or vice versa.
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often fails to propagate from a burning cell in all directions: the
resulting burned areas are generally small, with a dendritic burn
pattern. For values of p close to 1, the probability (1 � p)8 that
the first ignition fails to propagate is still nonzero but, once the
fire reaches some minimal size, it does propagate rapidly and
covers a large portion of the domain in a generally solid pattern.
Thus, a large number of extensive fires dominates the resulting
fire size distributions P(S), accompanied by a small peak at very
small fires. The fact that (1 � p)8 � 0 accounts for the fire leaving
occasionally unburned patches and thus not covering the entire
domain.

Inhomogeneous Flammability. In the presence of houses (d � 0),
the sigmoid aspect of the function �S� � f(p; d) is similar to the
previous, uniform case (Fig. 2), but the value of the threshold is
displaced: to lower p for flammable houses (with ph � 1) and to
higher p for fire-proofed ones (with ph � 0). The mean �S� is
plotted as a function of p and d in Fig. 4a. Landscapes that were
in the transition zone when no houses were present become
subcritical, given a sufficient density d0 of fire-proofed houses,
and supercritical when the density of flammable houses d1 is
sufficiently large.

For any density d, we define the critical vegetation flammability
p*(d) as the p for which �S�(p; d) � S0 burnt cells, with S0 � 40%
of the total lattice size. The curve p* � p*(d), visible as the heavy

solid line between fire classes 2 and 3 in Fig. 4, highlights the
transition zone and shows its displacement with d. Whereas p*
decreases fairly linearly with d1, it increases almost quadratically
with d0. The transition zone is quite narrow, and even a low density
of houses suffices to drastically change the fire-spread properties of
landscapes that were in or close to the transition zone.

Thus, in our model, an undeveloped landscape with p � 0.3
and d � 0 is in the transition zone. Developing such a landscape
by the construction of flammable or, to the contrary, fire-
proofed houses will lead to a drastically different situation. A
density d0 � 0.05 of fire-proofed houses suffices to move the
landscape into the subcritical zone, whereas a density d1 � 0.10
of flammable houses moves it into the supercritical zone. For a
vegetation flammability of p � 0.35, a switch from d1 � 0.15 to
d0 � 0.15, i.e., the fire proofing of a density d � 0.15 of houses,
switches the landscapes all of the way from the supercritical to
the subcritical zone (Fig. 4b). These switches strongly modify the
landscape’s distribution of fire sizes, as seen in Fig. 3.

To obtain a similar fire risk reduction of a developed land-
scape by fuel treatment only would require decreasing p from
0.35 to 0.20; such an approach requires restoration efforts that
are quite costly and lengthy, while keeping the landscape at high
fire risk during this time. Bold white arrows in Fig. 4b show the
impact on mean fire size of a reduction of the vegetation’s
f lammability (vertical arrow) vs. fire proofing the houses (hor-
izontal arrow). We conclude that, in our model, fire risk for fuel
landscapes that are in or near the transition zone can be easily
modified by fire proofing the houses interspersed into the
landscape.

Applicability to Existing Data
Comparison of our model results with actual fire-spread data
and WUI maps supports the potential of this approach for
fire-risk assessment and modification in and near the WUI. For
this comparison, we used fire-spread data prepared for the
EMBYR model (12). This data set provides estimated proba-
bilities of spread for four successional vegetation stages and
three fuel-moisture classes for high-elevation lodgepole pine
forest ecosystems in Yellowstone National Park. The corre-
sponding flammability values for the vegetation grids that we
considered range from p � 0.01 for the wettest recently burned
forest to p � 0.4 for the driest late successional stages. Wind can
increase these values up to 0.6 in extreme fuel and weather
conditions. Fire-spread probabilities between 0.3 and 0.4 were
prominent in several EMBYR simulations of real fires (12). See
Data and Methods for details on both this paragraph and the next
one; see also the SILVIS laboratory website (www.silvis.
forest.wisc.edu) for WUI maps, statistics, and data, and see the
LANDFIRE website (www.landfire.gov/products�national.php)
for existing vegetation maps.

Next, we used the fuel model approach (13) developed by the
U.S. Department of Agriculture Forest Service to extrapolate
our results to forest ecosystems with similar fuel properties in
regions where significant WUI areas cover the states of Colo-
rado, Montana, New Mexico, Utah, Washington, and Wisconsin
(3). Large portions of the WUI in which the vegetation’s
f lammability is in the range of 0.3 � p � 0.4 also have 16–128
houses per km2; for our cell size of 50 � 50 m, these numbers
correspond to densities d of 0.04–0.32. In Fig. 4a, a rectangular
black-rimmed box delimits this range of actual values of p and d.

It thus appears that a large number of widespread fire
ecosystems have flammability properties in or close to our
model’s transition zone. Therefore, their expected fire-size
distributions, as well as the probability for a large fire to occur,
might be very sensitive to even small changes in the houses’
f lammability properties in the WUI. Development within the
WUI thus can substantially enhance or mitigate fire risk. All of
the areas present in the data set are at great risk of experiencing

Fig. 3. Histograms P � P(S) of relative fire sizes S for landscapes in each of the
five fire classes described in the text. Here NS is the normalized number of fires
of size S, where S is sorted into ‘‘unit’’ bins of 100 cells. The histograms are
based on 1,000 realizations of the fire-spread process. The fire size distribu-
tions in a–e represent characteristic landscapes in fire classes 1–5, respectively.
These histograms were obtained for (p, d) � (0.25, 0.0), (0.30, 0.0), (0.30, 0.05),
(0.35, 0.0), and (0.40, 0.0), respectively; the corresponding points a–e are
shown in the regime diagram of Fig. 4a. No fires in class 1 landscapes reach
large size (a), whereas almost every fire covers most of the domain in class 5
landscapes (e). The sequence of fire size distributions a–e illustrates details of
how the transition zone shown in Fig. 2 is crossed as p or d change, i.e., the
sharp increase of the probability that a large fire occurs.
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large fires that may encompass highly f lammable, house-
occupied sites; these risks could be easily mitigated by fire
proofing the houses present in these areas.

There are many other environmental and human-related
variables that affect the spread and size of fires (4, 6, 7, 25,
31–33). Despite these additional complexities, our model results
have a number of practical implications. First, they suggest that
detailed models used for assessing fire risk in the WUI should
integrate the density and flammability of houses in these areas.
Second, they imply that fire proofing houses and their immediate
surroundings within the WUI would not only reduce the houses’
f lammability and increase the security of the inhabitants (17),
but also reduce fire risk for the entire landscape. One thus can
considerably reduce fire risk in and near the WUI by regulating
construction in this zone to some degree, without the interfer-
ence being too heavy-handed. Such regulation could be imple-
mented to reduce short-term fire risk, while longer-term and
large-scale ecosystem restoration takes place (21, 24, 26)

Data and Methods
Modeling Details. The simulations we report here used a lattice of
48 � 48 cells. Several simulations using a larger lattice of 300 �
300 cells produced similar results (data not shown); therefore, we
retained the smaller landscape size for exhaustive exploration of
the model’s parameter space.

Each cell in our model represents an area of 50 � 50 m. This
cell size is a good compromise between the 10-m scale at which
fuel distribution heterogeneity becomes significant, and the
100-m scale at which burn patterns are heterogeneous (12). Such
a cell size is also characteristic of the fuel landscape modification
because of the presence of a house: Cohen (17) defines the
building ignition zone as a length scale of a 10-m house, plus a
20-m area surrounding the building.

Detailed fire landscape models (12, 29) typically choose eight
neighboring cells for fire spread, whereas classical percolation
models (9) use four; the larger number of neighbors diminishes
the influence of the square grid geometry on simulated fire

patterns (12). The probability of fire spread is constant for all
neighbors because corrections for decreased diagonal values,
due to increased diagonal distance, induce patterns that are
biased in the E–W and N–S directions for those values of p,
0.25 � p � 0.50, that are most important for our simulations (12).

Observational Data Preparation. The Department of Agriculture
Forest Service’s fuel models (13) group vegetation types accord-
ing to fuel properties that help determine fire ignition, rate of
spread, and intensity, regardless of their geographic distribution
and floristic composition. Yellowstone lodgepole pine forests
are included in fuel model 10, which represents widespread
ecosystems, such as spruce–fir and mixed conifer forests, as well
as any forest type in which there is heavy deadfall of woody
material due to insects, diseases, windthrows, and aged light
thinning or partial-cut slash. Other widespread forest ecosys-
tems, such as ponderosa, Jeffrey, and red pine and many
hardwood species of the Eastern United States, are included in
fuel model 9 (13). Systematic forest fire suppression since the
early 20th century (6) has resulted in over 150 years of no fire
occurrence in large areas of these forest ecosystems, and fuel
conditions exceed their historic range of variability (34) so that
they approach those of fuel model 10. Furthermore, many U.S.
regions have experienced a long period of severe drought (35).
Therefore, forested ecosystems in these areas have probabilities
of fire spread between 0.3 and 0.4 (12), which is typical of
mid-to-late seral stages of this kind of vegetation during dry
years.

Housing densities (housing units per km2) for our WUI
estimates, maps, and data were provided online by the Applied
Population Laboratory and the SILVIS laboratory at the Uni-
versity of Wisconsin. The data used in our study cover the states
of Colorado, Montana, New Mexico, Utah, Washington, and
Wisconsin (3). Our domain size corresponds to a 2.4 km �
2.4 km� 5.76 km2 area that is fairly typical of the scale at which
WUI development takes place in these states.

Fig. 4. Regime diagram of the mean relative fire size �S� as a function of the vegetation flammability p and the house density d; p, d0, and d1 are defined in
the Fig. 2 legend. Fire classes 1–5 represent increasing mean fire size. Examples of fire size distributions for each fire class (points a–e in a) are shown in Fig. 3.
The transition zone is composed of fire classes 2 and 3, separated by the heavy solid curve p* � p*(d). The black-rimmed rectangle in a represents the estimated
range, within our model’s parameter space, of actual ecosystems widespread in the United States (see Applicability to Existing Data and Data and Methods for
details). Switching from d1 to d0 corresponds to the fire proofing of a given density of houses. (b) Bold white arrows show the respective impact on mean fire
size, for a landscape characterized by p � 0.35 and d � 0.15, of a reduction in the vegetation’s flammability from p � 0.35 to 0.20 (fuel treatment), and of fire
proofing the houses.
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