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This study evaluated if present-day wildfire potential (i.e. potential fireline intensity and percentage
crown fire) differs for residential parcels developed at different time periods in the north-central Col-
orado Front Range. To answer this question, a model of wildfire potential was built based on 2001 fuels
and vegetation and compared the output to actual fire severity of the 2002 Hayman and 2004 Picnic Rock
fires (measured by satellite imagery). Except for low-load fuel types such as grass, the modeled wild-
fire potential corresponded well to observed fire severity. Wildfire potential was then evaluated within

(j\iﬂ;vg:gsliazar q 7 classes: developed (1880-1944, 1945-1959, 1960-1974, 1975-1989, 1990-2005) and undeveloped
Flammap (either zoned or not zoned for development). The results suggest that there is one class characterized

by relatively low wildfire potential (developed 1880-1944) and three classes characterized by relatively
high wildfire potential (developed 1960-1974 and the two undeveloped parcel classes). These results
hold both for 99th percentile (extreme) and 50th percentile (average) fuel conditions. The results sug-
gest that under current zoning regulations, future structures are likely to be built on parcels that, on
average, have somewhat higher potential fireline intensity and higher percentage of crown fire com-
pared to currently developed parcels. However, the location of future development may be influenced by
forest changes, such as the visual degradation and perceived fire hazard of trees killed by the continuing
mountain pine beetle outbreak. Overall, this study introduces an improved method for quantifying wild-
fire potential in the rapidly developing wildland-urban interface that could be applied to other areas.

Wildland-urban interface
Land use change
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1. Introduction

The wildland-urban interface (WUI) is the area where human-
built structures intermix with or adjoin flammable wildland
vegetation. A principal challenge in understanding wildfire in the
WUI s quantifying the spatial and temporal variability wildfire haz-
ard, defined as the wildfire potential of a fuel complex, independent
of weather (Hardy, 2005). Many studies have attempted to delin-
eate the WUI over large areas (see Platt, 2010 for a review and
comparison of methods). For example, Radeloff et al. (2005) cre-
ated the first consistent map of the WUI for the coterminous United
States. Hammer, Radeloff, Fried, and Stewart (2007) extended this
approach to map the change in the WUI from 1990 to 2000 in
the Pacific Northwest. Wilmer and Aplet (2005), took a similar
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approach as in Radeloff et al. (2005), but refined the spatial extent of
the WUI using information about public lands and vegetation type.
Theobald and Romme (2007) estimated the extent of the WUI from
1970 to 2000 within fire hazard classes derived from vegetation
type.

These studies have advanced the understanding of the extent
and characteristics of the WUI over large areas, but they are lim-
ited by coarse source data and simple or nonexistent treatment of
wildfire potential. In particular, most WUI maps depend on 2000
census block data that is spatially coarse in sparsely populated WUI
areas. Vegetation, fuels, topography, development patterns, and
zoning laws can all vary considerably within a single large cen-
sus block. One example of a project that attempted to spatially
refine housing density estimates is the Hazard-Risk-Value map
of Colorado, which estimated housing density using a combina-
tion of parcel, well, and census data rather than census data alone
(Edel, 2002). Another general limitation is that most WUI map-
ping methods focus on the recent history of the WUI (no further
back than 1970) due to a dearth of historical data on development
patterns. Finally, WUI models tend to over-simplify or omit the
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Fig. 1. Study area of the north-central Colorado Front Range, bounded by the lowest extent of the montane zone (ca. 1830 m) to the east and by county boundaries.

spatial variation in wildfire potential. For example, Wilmer and
Aplet (2005) distinguish only between wildland and non-wildland
cover types. Hammer et al. (2007) employ a coarse-scale model
of departure from historical fire regimes to infer wildfire potential
(Schmidt, Menakis, Hardy, Hann, & Bunnell, 2002). Theobald and
Romme (2007) evaluate wildfire hazard based on an association of
vegetation type to a fire severity rating grounded in the literature.
Few if any existing studies incorporate weather or climate in the
evaluation of wildfire potential in the WUI. As a consequence of
these limitations, existing models of wildfire potential in the WUI
do not operate at the spatial scale at which residential development
actually takes place; omit many of the most important factors that
influence wildfire behavior, such as fuel moisture, forest structure,
and wind; and do not allow for the assessment of how long-term
development trends alter vulnerability to wildfire hazard.

This study of the north-central Colorado Front Range aims to
address several limitations of previous attempts to map the WUI
and evaluate wildfire hazard. To do so, historical development pat-
terns from 1880 to 2005 were reconstructed based on detailed
parcel data rather than census data. Historical development pat-
terns were overlaid on a model of wildfire potential in 2001 derived
from fuels, forest structure, topography and weather. Areas of “high
wildfire potential” were defined as having relatively high fireline
intensity and percentage of crown fire under particular reference
fuel and weather conditions.

The history of residential development in the north-central Col-
orado Front Range indicates that valley bottoms at lower elevations
were claimed first, followed by steeper slopes and higher eleva-
tions (Riebsame, Theobald, & Fagre, 2002). It was hypothesized
that recently developed parcels may be characterized by higher

wildfire potential than parcels developed earlier, and that parcels
developed in the future (currently undeveloped) may be charac-
terized by even higher wildfire potential. The goal of the study
was to answer the following questions: (1) Does wildfire poten-
tial differ for parcels developed at different time periods? (2) Are
undeveloped parcels characterized by different wildfire potential
than developed parcels? If so: (3) which biotic or abiotic factors are
associated with the differences in wildfire potential? Whether or
not any particular structure is likely to burn is contingent on many
factors - including roof type and defensible space - that are beyond
the scope of this study. The focus here is on the wildfire potential
within parcels rather than the flammability of particular structures.

2. Methods
2.1. Study area

The study area is located in the north-central Front Range of
Colorado, bounded by the lowest extent of the montane zone (ca.
1830m) to the east and by county boundaries (Fig. 1). Specifi-
cally, the study area includes all of Gilpin and Clear Creek counties,
the mountainous western regions of Larimer, Boulder, and Dou-
glas counties, and the northwestern portion of Jefferson County.
Parcel data were not publically available for Jefferson County out-
side of the northwestern portion. The study area falls within the
montane (1830-2740 m) and subalpine (2740-3400 m) zones. The
lower montane zone comprises a mixture of ponderosa pine (Pinus
ponderosa), Douglas-fir (Pseudotsuga menziesii), and grasses. Prior
to fire exclusion, these areas were characterized by low-severity
(primarily surface) fires that recurred within the same stand (c.
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50-100ha) at intervals of approximately 10-40 years (Sherriff &
Veblen, 2007; Veblen, Kitzberger, & Donnegan, 2000). In the upper
montane zone ponderosa pine and Douglas-fir dominate on south-
facing slopes, and mix with lodgepole pine (Pinus contorta) and
aspen (Populus tremuloides) on north-facing slopes. Prior to fire
exclusion, these higher elevation areas were characterized by mod-
erate to high-severity (largely stand-replacing crown fires) that
recurred within the same stand (c. 50-100 ha) at intervals of 30
to over a 100 years (Sherriff & Veblen, 2008; Veblen & Lorenz,
1986). The highest elevations of the study area fall within the sub-
alpine zone, which is characterized by lodgepole pine, aspen, as
well as Engelmann spruce (Picea engelmannii) and subalpine fir
(Abies lasiocarpa), which burned at >100-year intervals by large,
high-severity fires (Sibold, Veblen, & Gonzalez, 2006). Although the
north-central Front Range has experienced relatively few large fires
since ca. 1920, when fire suppression became effective, wildfire
potential is considered high throughout the study area. Actual fire
hazard determined by fuels is spatially complex across the land-
scape (Krasnow, Schoennagel, & Veblen, 2009).

The study area is characterized by a long history of exurban
development. The region had been inhabited by Native Americans
at least from the end of the Pleistocene epoch 12,000 years ago
(Larson & Francis, 1997). However, widespread permanent human
settlements did not become established until the 1860s, when
thousands of miners a week migrated to the southern Rocky Moun-
tains of Colorado to search for gold and silver. Extensive road and
trail building followed in the 1870s and 1880s (Wyckoff, 1999). By
the 1870s, the Denver Pacific railroad arrived and surveyors had
mapped the interior Rockies. Subsequently homesteaders claimed
tracks of land, primarily along valley bottoms. Between the 1890s
and 1940s, the Federal Government reserved and restricted the use
of extensive areas of public land that had not yet been homesteaded.
Located at the higher slopes, much of this land had been severely
degraded by logging, mining, and grazing and is now adminis-
tered by the US Forest Service (Riebsame et al., 2002). From 1940
to 1960, the population of the Front Range doubled while gov-
ernment spending, both civilian and military, led the economic
expansion (Kendall, 2002). In the 1960s and 1970s the economy
moved rapidly into technology, tourism, real estate and energy.
By the 1970s oil prices had skyrocketed, leading to a boom and
subsequent bust in oil and natural gas employment in many rural
areas of the Rockies and the transportation hub of Denver. In the
1990s and 2000s, a sustained development boom took place based
on an increase in service and technology jobs and amenity migra-
tion (Vias & Carruthers, 2005). Urban and rural areas shared in
the development boom (Baron, Theobald, & Fagre, 2000), includ-
ing mountainous areas within close proximity to the urban centers
of the Front Range. In all eras, roads built for transportation of nat-
ural resources facilitated residential development in subsequent
economic booms (Riebsame et al., 2002).

2.2. Model of wildfire potential

Wildfire potential across the landscape was estimated using
FlamMap 3.0, a fire behavior mapping and analysis system that cal-
culates potential wildfire behavior under constant weather and fuel
conditions. To run the model, 30 m raster layers related to topog-
raphy and fuels were acquired. Topography is characterized by
layers of elevation, slope, and aspect. Fuels layers were developed
by Landfire, an interagency project for mapping vegetation, fuel,
and fire characteristics across the United States (Landfire, 2010).
The fuel layers (valid for circa 2001) include percent forest canopy
cover, stand height, canopy base height (CBH), and canopy bulk
density (CBD), and Scott and Burgan (2005) fuel models (Table 1).
Scott and Burgan (2005) fuel models comprise 40 distinct classes
characterized by fire carrying type (i.e. grass, brush, timber litter, or

Table 1
Raster layers used in model of wildfire potential.
Purpose Name Units or classes Source
Input Elevation Meters USGS
Slope Degrees USGS
Aspect North, east, south, USGS
west
Forest canopy cover Percentage Landfire
Fuel model Scott and Burgan Landfire
(2005) fuel classes
Stand height Meters Landfire
Canopy base height Meters Landfire
Canopy bulk density kg/m3 Landfire
Output Fireline intensity kW/m FlamMap
Crown fire activity Surface or crown FlamMap
fire

slash), loading, fuelbed depth, dead fuel extinction moisture con-
tent, and fuel heat content. The Landfire layers were developed
through predictive ecological models calibrated with remotely
sensed imagery and land-based plots; a complete description of
the layers is available at the Landfire website (Landfire, 2010). In
two cases Landfire layers were modified from their original form:
canopy cover and CBH values were adjusted downward following
the suggestions in the December 2006 data product notification
(Landfire, 2006) and a previous comparison of Landfire fuel layers
with field-derived fuel layers in part of the study area (Krasnow
et al., 2009). Two sets of model outputs were produced: one for
analysis (described below) and one for verification (described in
the next section). The modeling process took place in two steps:
(1) fuel conditioning and (2) calculating wildfire potential.

The first step was fuel conditioning, in which FlamMap adjusts
fuel moisture based on the weather and wind conditions over a
specified period of time. The wind/weather conditions include the
daily minimum and maximum temperature and relative humidity,
precipitation, wind velocity, and wind direction. For the analy-
sis runs, fuels were conditioned for 28 days using average (50th
percentile) or extreme (99th percentile) monthly wind/weather
conditions during the primary fire season (June-September)
(Table 2). The wind/weather variables were derived from four
Remote Automated Weather Stations (RAWS) that span the
study area and have the longest record: Redfeather (station
050505; 1964-2007), Estes Park (station 05050; 1964-2007), Cor-
ral Creek (station 051804; 1968-2007) and Bailey (station 052001;
1970-2007).

The second step was calculating wildfire potential in FlamMap
based on the conditioned fuels, topography, and instantaneous
wind velocity. To characterize wildfire potential, FlamMap employs
several models: surface fire behavior (Rothermel, 1972), crown fire
initiation (Van Wagner, 1977), crown fire spread (Rothermel, 1991),
and dead fuel moisture (Nelson, 2000). In this step, the wind veloc-
ity data represent an instant in time rather than a conditioning
period, and were made spatially explicit using WindNinja, a simple
flow simulation program designed for this application that refines
wind velocity within 500 m cells based on a 30 m digital elevation
model (Table 2). For the analysis runs, the wind speed was fixed
at 74 km/h (99.9th percentile daily wind conditions during the pri-
mary fire season, June-September, ca. 1964-2007). Wind data for
the analysis runs came from the same four RAWS stations used for
fuel conditioning. While wind direction along the Colorado Front
Range is highly variable, for the purposes of the analysis runs it was
fixed at southwest, which is the most common direction across the
four RAWS stations. For each model run, FlamMap generated two
fire behavior outputs:

1. Fireline intensity, a measure of energy released per unit length
along the flaming front of a fire (kW/m).
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Table 2

Summary of FlamMap model runs.
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Model run Hayman Fire Picnic Rock Fire

Purpose Verification Verification

Location Perimeter of Hayman Fire Perimeter of Picnic Rock
Fire

Conditioning Historical weather Historical weather

wind/weather

observations: May
13th-June 9th, 2002

observations: March
5th-April 1st, 2004

82 km/h, observed April

Bailey RAWS station, NOAA

Instantaneous 72 km/h, observed June
wind/weather refined by 9th, 2002 1st, 2004
WindNinja

Source of weather/wind Cheesman RAWS station,
data Bradshaw et al. (2003)

National Weather Service
Observations

Average fuel conditions
Analysis
Study area

28 days, based on 50th
percentile of monthly
RAWS data (ca.
1964-2007)

74 km/h, 99.9th percentile
of daily RAWS data (ca.
1964-2007)

Mean of Redfeather, Estes
Park, Corral Creek, and
Bailey RAWS stations

Extreme fuel conditions
Analysis
Study area

28 days, based on 99th
percentile of monthly
RAWS data (ca.
1964-2007)

74km/h, 99.9th percentile
of daily RAWS data (ca.
1964-2007)

Mean of Redfeather, Estes
Park, Corral Creek, and
Bailey RAWS stations

2. Crown activity (either surface fire or active/passive crown fire)
using the Scott and Reinhardt (2001) method.

These fire behavior outputs were selected because they are
widely used, interpretable, and general.

2.3. Verification of wildfire potential

True validation of FlamMap output based on historical fire
behavior is not possible for several reasons. First, the model can
only be validated on fires that have occurred since 2001 (the year for
which fuel and vegetation conditions are valid). Secondly, FlamMap
models potential fire behavior at aninstant given anignition source,
yet actual fires play out over days or weeks during which fuel
and wind/weather are constantly in flux. Third, burn severity —
which can be measured for historical fires using remotely sensed
imagery - is not the same as wildfire behavior, although the two
are strongly related. Thus, model verification was sought—a sim-
ple check of the realism of the results rather than a comprehensive
validation.

The model was verified using fire severity information from two
significant fires in the region: the Hayman Fire of 2002 (the largest
fire in recent Colorado history, characterized by extensive crown
fires in montane forest), and the Picnic Rock Fire of 2004 (a wind-
blown surface fire in grassland, Fig. 1). For the verification run, fuel
moisture was conditioned based on the wind/weather conditions
from the 28 days leading up to an intense day of burning for two
fires (June 9th 2002 for the Hayman Fire, and April 1st 2004 for the
Picnic Rock Fire, Table 2). Weather/wind conditions for the Hay-
man Fire fuel conditioning came from the Cheesman RAWS (station
053102), which is located within the perimeter of the fire. Winds
with gusts up to 72 km/h were recorded at the Cheesman RAWS
station on June 9th during the Hayman Fire, with prevailing wind
coming from the Southwest (Bradshaw et al., 2003). Weather/wind
conditions for the Picnic Rock fuel conditioning came from the Bai-
ley RAWS (station 052001). The Bailey station is located at the same
elevation as the Picnic Rock Fire, though it is 145 km south. (The
closer Redstone RAWS (station 050508) is missing data for March
2004, and so could not be used.) Winds with gusts up to 80 km/h out
of the south were observed by the NOAA National Weather Service
on April 1st 2004 during the Picnic Rock Fire.

The two fire behavior outputs were compared to actual post-
fire vegetation conditions from the USDA Forest Service’s Burned
Area Reflectance Classification (BARC) data set. BARC data has four
burn severity classes: high, moderate, low, and unburned. These are
based on a classification of the difference between the Normalized
Burn Ratio (NBR) in Landsat satellite imagery taken before and after
the burn. NBR was specifically developed to measure vegetation
burn severity (Key et al., 2002; Lopez-Garcia & Caselles, 1991) and

is derived as follows:

_ NIR- MR
~ NR+ MR

where NIR is a near infrared band (in this case Landsat band 4,
0.76-0.90 pum) and MIR is a mid-infrared band (in this case Landsat
band 7, 2.08-2.35 pm). In one study, NBR was found to be the most
flexible, robust, and analytically simple of six approaches used to
map fire severity using multi-temporal Landsat imagery (Brewer,
Winne, Redmond, Opitz, & Mangrich, 2005). In another study, fire
severity maps derived from change in NBR (dNBR) were compared
to Composite Burn Index (CBI) data collected in the field (Cocke,
Fule, & Crouse, 2005). The results showed that fire severity classes
derived from NBR and CBI have an agreement of approximately 75%.
An important limitation of dNBR is that it is sensitive to the pre-fire
vegetation, complicating comparisons of dNBR between fuel types
(Miller & Thode, 2007).

Within the perimeter of the Hayman and Picnic Rock Fires, a
random sample of 3000 points was generated on land that burned.
The burn severity class (low, moderate, or high) observed in the
imagery was compared to the fireline intensity and crown activity
class predicted by FlamMap. The distribution of fireline intensity
within burn severity classes was compared using a Kruskal-Wallis
test, a non-parametric ANOVA used to compare the distributions
of groups with different variances or non-normal distributions. The
percentage of crown fire within burn severity classes was compared
using a Chi-Square test. Because NBR is sensitive to pre-fire vegeta-
tion, the comparisons were conducted separately for the three most
common fuel types found within the burn perimeter of each fire.
The three most common standard fire behavior fuel types (Scott
& Burgan, 2005) found in the Hayman Fire perimeter were FM165
(very high load dry timber shrub, 37% of burn area), FM122 (mod-
erate load dry grass-shrub, 32% of burn area), and FM161 (low load
dry timber-grass—-shrub, 19% of burn area). The three most com-
mon standard fire behavior fuel types found in the Picnic Rock
Fire perimeter were FM122 (48% of burn area), FM141 (load dry
climate shrub, 31% of burn area), and FM121 (low load dry cli-
mate grass—shrub, 8% of burn area). A model was considered a good
approximation of reality if, within a given fuel type: (1) the mean
fireline intensity and percentage crown fire are significantly differ-
ent between dNBR classes and (2) the mean fireline intensity and
percentage of crown fires get progressively larger from the “low”
to the “high” dNBR classes.

NBR

2.4. Construction of parcel dataset

Once wildfire potential had been calculated and verified, a
database of parcels (ca. 2005) was compiled for the six counties
in the study area. All public land (e.g. land managed by federal,
state, county, or city entities) and polygons that represent roads
were then removed from the parcels. The boundaries between poly-
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gons that contain a common parcel number were then dissolved.
Finally, zoning codes were assigned to each parcel based on current
zoning data layers for the six counties. Based on two attributes -
zoning code and year built - each privately owned ca. 2005 par-
cel was classified into one of seven classes based on a simplified
characterization of development eras:

. Developed 1880-1944 (Settlement era)

. Developed 1945-1959 (Post war era)

. Developed 1960-1974 (Era of rapid growth)

. Developed 1975-1989 (Era of energy boom and bust)

. Developed 1990-2005 (Technology and amenities era)
. Undeveloped—not zoned for future development

. Undeveloped—zoned for future development

NO U WN =

In 2005 there were 29,500 parcels in the study area. Of these,
1324 parcels lacked a “year built” attribute and were removed. An
additional 7857 parcels were comprised of primarily non-wildland
vegetation and situated in densely settled small towns. These were
also removed. The remaining private parcels had a median size of
approximately 0.6 ha with an interquartile range of 1.6 ha.

2.5. Evaluation of wildfire potential and biotic/abiotic
characteristics of parcels

After compiling the parcel layers, the database was populated by
assigning attributes to each parcel. Attribute values were assigned
to parcels using the centroid method after applying a 5 x 5 majority
filter to the integer raster layers and a 5 x 5 mean filter to the float-
ing point raster layers. While parcel centroids are not an accurate
representation of structure location in larger parcels, they provide
an unbiased method of comparing the characteristics of developed
and undeveloped parcels. To answer research questions 1 and 2,
the three descriptors of wildfire potential - median fireline inten-
sity, percentage of fireline intensity >40,000 kW/m, and percentage
crown fire — were assigned to the parcel centroids (Table 1). Fireline
intensity >40,000 is a binary variable used to identify the parcels
with the most extreme wildfire potential, an order of magnitude
greater than the 4000 kW/m “high intensity” threshold suggested
by Alexander (1982). To answer research question 3, the follow-
ing continuous attributes were assigned to the parcel centroids:
elevation, slope, percent forest canopy cover, and the topographic
position index (TPI), which represents the elevation difference
between a given location and the surrounding area (Jenness, 2006).
Also to answer research question 3, three binary variables were
assigned to the parcel centroids: presence of north-facing slope,
presence of fuel model 165 (high load dry timber shrub, Scott &
Burgan, 2005), and presence of lodgepole pine (derived from exist-
ing vegetation type layer, Rollins & Frame, 2006). These variables
were selected because of their relationship with wildfire behavior.
North-facing slopes (i.e. slopes within 45° of due north) tend to
be mesic and contain denser tree stands than south-facing slopes
of the same elevation. Lodgepole pine stands are characterized
by extensive ladder fuels and contiguous crowns that promote
infrequent but high-severity crown fires (Schoennagel, Veblen, &
Romme, 2004). Of the four most common fuel models in the study
area (FM183—moderate load conifer litter, FM165—high load dry
timber shrub, FM122—moderate load dry climate grass—-hrub, and
FM161—low load dry climate timber-grass-shrub), FM165 has
the highest density of fine fuels and is associated with the high-
est flame length (Scott & Burgan, 2005). Summary statistics of
attributes (mean for continuous variables, percentage for binary
variables) were calculated within the seven development classes.
Kruskal-Wallis tests (Kruskal & Wallis, 1952) and Tamhane mul-
tiple comparison tests (Tamhane, 1977) were used to evaluate

whether the median values of the attributes were significantly dif-
ferent between classes.

3. Results
3.1. Model verification

Overall the models are consistent with what is generally known
about the two fires; the model of the Hayman Fire predicted exten-
sive crown fires while the model of the Picnic Rock Fire predicted
extensive surface fires (Tables 3 and 4). Modeled fireline inten-
sity generally ranges from 15 to 50,000 kW/m (and theoretically
up to 100,000 in exceptional cases) with anything over 4000 con-
sidered to be “high intensity” and uncontrollable (Alexander, 1982).
While both fires are dominated by “high intensity” values, the mod-
eled fireline intensity values for the Hayman Fire - the largest
and most destructive in recent Colorado history - are the highest
overall.

The degree to which FlamMap output (mean fireline intensity
and percentage crown fires) varies between dNBR classes depends
on the fuel type. For high and moderate fuel types (FM165, FM122)
in both fires, cells in the “high” dNBR severity class have the
highest mean fireline intensity and percentage crown fire, cells
in the “moderate” severity class have intermediate mean fire-
line intensity and percentage crown fire, and cells in the “low”
severity class have the lowest mean fireline intensity and percent-
age crown fire (Tables 3 and 4). A Kruskal-Wallis test revealed
that the distribution of fireline intensity is significantly different
between dNBR classes at the p<0.05 level. A Pearson Chi-Square
test revealed that the frequency of crown fires is significantly dif-
ferent between dNBR classes at the p <0.05 level. However, these
tests also show that for low load fuel types (FM161, FM141,FM121)
there is no significant difference in the distribution of fireline
intensity or frequency of crown fires between dNBR classes in
either fire. These results are not surprising, as dNBR is depen-
dent on pre-fire vegetation type and necessarily has a narrower
range of possible values for low load fuel types, which have less
pre-fire biomass. Furthermore, a strong association between sever-
ity and percentage crown fires in the Picnic Rock Fire, which
was a primarily wind-driven surface event in an open grass-
dominated setting (i.e. predominately low load fuels), would not be
expected.

Overall, these results suggest that within high and moderate
load fuel types, the FlamMap model output corresponds well to
severity measured by the dNBR index. However, for low load
fuel types the FlamMap model output does not vary between
dNBR classes, possibly due to limitations of the dNBR index
itself.

3.2. Research question #1: “Does wildfire potential differ for
parcels developed at different time periods?”

Both fireline intensity and crown activity class are heteroge-
neous across the study area (for example, Fig. 2 shows the output
under extreme fuel conditions). In 2005, a total of 20,275 developed
parcels and 15,820 undeveloped parcels contained wildland vege-
tation in the north-central Colorado Front Range (Table 5). Under
both average and extreme fuel conditions, and all time periods, the
median potential fireline intensity is over the 4000 kW/m “high
intensity” threshold due to the high instantaneous wind speed of
74 km/h. However, a Kruskal-Wallis test revealed that the distribu-
tion of the three wildfire behavior descriptors - fireline intensity,
percentage of fireline intensity >40,000, and percentage crown
fire - are significantly different between development classes at
the p=0.001 level. On average, the 1880-1944 class has the low-
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Table 4

Model verification of the Picnic Rock Fire. For each of the three most common fuels within the burn perimeter, the table summarizes fireline intensity and crown activity

class within Burned Area Reflectance Classification (BARC) classes.

Scott and Burgan (2005)

BARC class (percent of FM)

Mean fireline intensity (kW/m) Crown activity class

Fuel model count (percentage)
FM122: : .
Moderate load dry grass—shrub, 48% of burn Low (54%) 6185 83 (12%)

area

Mod (40%) 8192 58 (11%)
High (5%) 8643 1(2%)
FM141:
Low load dry climate shrub, 31% of burn area Low (92%) 2406 15% (3%)
Mod (8%) 2471 1(1%)
High (0%) - -
FM121:
Low load dry climate grass-shrub, 8% of burn Low (66%) 4169 57 (42%)
area
Mod (34%) 4791 24 (34%)

High (0%)

" A Kruskal-Wallis test indicates that the overall distribution of fireline intensity is significantly different between BARC classes at the p <0.05 level.
™ A Pearson Chi-Square test indicates a significant difference in the frequency of surface and crown fires within BARC classes at the p <0.05 level.

Table 3

Model verification of the Hayman Fire (2002). For each of the three most common fuels within the burn perimeter, the table summarizes fireline intensity and crown activity

class within Burned Area Reflectance Classification (BARC) classes.

Scott and Burgan (2005) BARC class (percent of FM)

Mean fireline intensity, kW/m Crown activity class count

Fuel model (percentage)
FM165: :
Very high load dry timber shrub, Low (22%) 19,415 113 (50%)
37% of burn area
Mod (61%) 26,291 401 (64%)
High (18%) 43,711 169 (93%)
FM122: : -
Moderate load dry grass—shrub, Low (10%) 28,108 44 (52%)
32% of burn area
Mod (28%) 33,577 170 (68%)
High (62%) 39,472 544 (99%)
FM161: -
Low load dry timber-grass-shrub, Low (35%) 5126 24 (13%)
19% of burn area
Mod (61%) 5314 44 (14%)
High (1%) 22,751 6 (34%)

" A Kruskal-Wallis test indicates that the overall distribution of fireline intensity is significantly different between BARC classes at the p <0.05 level.
™ A Pearson Chi-Square test indicates a significant difference in the frequency of surface and crown fires within BARC classes at the p<0.05 level.

est median fireline intensity and mean percentage of crown fire
of all developed classes, while the parcels developed during the
1960-1974 period have the highest median fireline intensity and
mean percentage crown fire of all developed classes (Table 5). In
terms of the percentage fireline intensity >40,000, the 1880-1944
class still had the lowest value, but the 1860-1974 class is not high
compared to other time periods (Table 5). Contrary to expectations,
the most recent development class (1990-2005) was not charac-
terized by a high wildfire potential relative to other classes. These
results hold under both 50th and 99th percentile fuel conditions.

Table 5

3.3. Research question #2: “Are undeveloped parcels
characterized by different wildfire potential than developed
parcels?”

The Tamhane multiple comparison tests show which classes are
significantly different from the undeveloped (zoned for develop-
ment) class in terms of median fireline intensity, percentage fireline
intensity >40,000, and percentage crown fire (Table 5). Under
50th percentile fuel conditions, undeveloped (zoned for develop-
ment) has higher values than all developed classes for all three

Wildfire potential within parcel development classes. Dark gray: significantly greater than “undeveloped (zoned for development)” at p =0.05, multiple comparison Tamhane

test. Bold: significantly less than “undeveloped (zoned for development)”.

Class Number of parcels Fireline intensity median (kW/m) Percentage fireline Percentage crown fire
intensity >40,000 (kW/m)
99th % 50th % 99th % 50th % 99th % 50th %
Developed 1880-1944 2608 17,472 10,096 15 10 35.5 22.6
Developed 1945-1959 1926 22,085 14,020 19 13 44.1 29.2
Developed 1960-1974 4791 23,474 14,087 21 13 47.5 31
Developed 1975-1989 4941 21,598 12,976 20 12 442 284
Developed 1990-2005 6009 21,160 12,954 21 13 413 29
Undeveloped (not zoned 4804 23,709 19,244 25 18 44.6 39.9
for development)
Undeveloped (zoned for 11,016 23,157 15,171 24 16 43.8 329

development)
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Fig. 2. Wildfire potential in the north-central Colorado Front Range under extreme (99th percentile) fuel conditions and 74 km/h instantaneous winds.

variables. The difference was statistically significant in all cases
except percentage crown fire 1960-1974. Under 99th percentile
fuel conditions, the differences between undeveloped (zoned for
development)and developed classes are less pronounced. Undevel-
oped (zoned for development) has higher median fireline intensity
and percentage fireline intensity >40,000 than developed classes,
with the exception of the median fireline intensity of the1960-1974
class. Under 99th percentile fuel conditions, the percentage crown
fire of undeveloped (zoned for development) is not high relative to
other classes. Regardless of the fuel conditions, the 1880-1945 class
has the lowest value for all three variables in all classes, developed
or undeveloped.

3.4. Research question #3: “Which biotic or abiotic factors are
associated with the differences in wildfire potential?”

The Tamhane multiple comparison tests show which classes
are significantly different from the undeveloped (zoned for devel-
opment) class in terms of seven topographic and fuel attributes
(Table 6). Overall, developed parcels are either significantly lower

or no different from undeveloped (zoned for development) in
terms of elevation, slope, percent forest canopy cover, percent-
age of north facing slope, percentage of FM165 (very high load
dry timber shrub, the most “hazardous” of the four most preva-
lent fuel models in the study area), and TPI. Several factors may
contribute to the lower wildfire potential of the 1880-1944 class.
Compared to other classes, parcels developed 1880-1944 have
the same or lower percent forest canopy cover, have the lowest
percentage of lodgepole pine, and have the same or lower percent-
age of FM165. Consideration of topographic influences provides
additional insights. The TPI for the study area as a whole has a
median value of —14, suggestive of flat and mid-slope areas. Parcels
developed 1880-1944 and 1945-1959 have a negative TPI far-
ther from zero, suggesting they contain more wide valleys and
canyon bottoms, which may be less hazardous than mid-slope
areas and ridgetops. Several factors may contribute to the higher
wildfire potential of the undeveloped classes. It was found that
undeveloped parcels tend to be higher in elevation than devel-
oped parcels and have the same or higher percent forest canopy
cover. Undeveloped parcels have higher percentage of lodgepole
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Table 6

Evaluation of biotic and abiotic variables within parcel development classes. Dark gray: significantly greater than “undeveloped (zoned for development)” at p=0.05, multiple
comparison Tamhane test. Bold: significantly less than “undeveloped (zoned for development)”.

Class Elevation Slope Percentage forest Percentage north Percentage Percentage FM165 Topo Position
canopy cover facing slope lodgepole pine Index

Developed 2389 11 38 27% 14% 27% —44.16
1880-1944

Developed 2391 11 46 28% 20% 32% -32.94
1945-1959

Developed 2374 11 45 26% 20% 30% -19.1
1960-1974

Developed 2348 11 40 23% 18% 27% -10.94
1975-1989

Developed 2345 12 38 25% 19% 28% -8.23
1990-2005

Undeveloped (not 2731 18 45 22% 23% 43% -16.57
zoned for
development)

Undeveloped 2410 12 45 29% 24% 32% -10.99
(zoned for

development)

pine and the same or higher percentage of FM165 than developed
parcels.

4. Discussion

This study presents a novel method for mapping and evaluating
wildfire potential in the WUI that: (1) is spatially detailed, (2) incor-
porates historical data on development patterns, (3) accounts for
wind/weather conditions in estimating wildfire potential, and (4)
can be applied to other areas now that parcel data are commonly
available. In evaluating the wildfire behavior model output, it was
found that the models of fireline intensity and percentage crown
fire were well associated with observed severity for high and mod-
erate load fuels, but not for low load fuels largely comprising grass
and shrubs.

A complex but significant relationship exists between the
era of development and wildfire potential. Overall, undeveloped
parcels are predicted to have higher fireline intensity and per-
centage crown fire than developed parcels. The earliest developed
parcels (1880-1944) have the lowest wildfire potential of all
classes, while parcels developed 1960-1974 have the highest
wildfire potential of all developed parcel classes. These differ-
ences in wildfire potential can in part be explained by parcels
developed 1960-1974 having higher elevation, percent forest
canopy cover, percentage of FM165 (very high load dry tim-
ber shrub), all of which tend to be positively correlated with
high wildfire potential. It was found that fireline intensity and
percentage crown fire were higher under 99th percentile fuel
conditions compared to 50th percentile fuel conditions. At the same
time, the differences between development classes were less dis-
tinct under 99th percentile fuel conditions than 50th percentile
fuel conditions. These findings are consistent with previous studies
which suggest that under extreme weather conditions, geograph-
ical variations in fuel types become less important in explaining
fire behavior, thus limiting the effectiveness of fire mitigation
treatments under extreme weather conditions (Schoennagel et al.,
2004). This was observed in the high-severity Fourmile Canyon
Fire of 2010, the costliest and most destructive wildfire in Col-
orado history, which burned 169 structures in Boulder County
under extreme weather conditions. While the dependence of pre-
dicted fire behavior on moderate rather than extreme fire weather
is well understood within the fire-behavior modeling commu-
nity, the general public and the planning community need to be
informed about the dramatic reduction in effectiveness of mitiga-
tion treatments under the most extreme fire weather conditions.

This is particularly important in the Rocky Mountain region because
warm-dry episodes that were considered extreme during the 20th
century are predicted to become average conditions during the
mid-21st century (Hoerling & Eischeid, 2007).

One important caveat to the current study is that the fuel and
vegetation layers represent conditions circa 2001. Clearly vege-
tation and fuels have changed since 1880 in both developed and
undeveloped parcels. Mining, grazing, logging, development, road-
building, and forest management have all had important impacts
on the Front Range landscape (Fornwalt, Kaufmann, Huckaby, &
Stohlgren, 2009; Theobald, 2000; Veblen & Lorenz, 1986; Veblen
et al., 2000). While fire suppression has resulted in only minor
vegetation changes over most of the study area at mid- to higher-
elevations, in the lower 20% of the montane zone there have been
significant increases in tree densities in formerly open woodlands
or grasslands leading to a significant build-up of woody fuels (Mast,
Veblen, & Hodgson, 1997; Platt & Schoennagel, 2009; Sherriff &
Veblen, 2007; Veblen & Lorenz, 1986). Also, vegetation changes
in the relatively near future may significantly affect both fuel
types and future development plans. Since 1996, mountain pine
beetles (MPB; Dendroctonus ponderosae) have inflicted severe mor-
tality in subalpine lodgepole pine forests over millions of hectares
in northern Colorado, and currently MPB activity in ponderosa
pine-dominated forests in the Front Range is at an elevated level.
Tree mortality due to MPB clearly is altering fuel profiles in the
affected forests but the consequences for fire behavior are uncer-
tain. Although the dry dead fuels associated with MPB Kkill are
intuitively expected to increase wildfire potential, analysis of past
outbreaks, post-MPB fuel measurements, and fire behavior mod-
eling suggest that wildfire potential will not necessarily increase
following MPB outbreaks (Jenkins, Hebertson, Page, & Jorgensen,
2008; Klutsch, Beam, Jacobi, & Negron, 2008). Despite uncertainty
about the relationship between fire hazard and MPB outbreaks, the
current high level of MPB activity in Colorado is increasing funding
and public support for fire mitigation treatments which will alter
fuel types in the short-term and potentially in the long-term. Fur-
thermore, the perception of increased fire hazard due to MPB kill
as well as its aesthetic impact may affect demand for housing in
the WUI. For example, one study calculated that property values
decline by $648 for each tree killed by MPB within a 0.1 km buffer
(Price, McCollum, & Berrens, 2010). Moreover, climate change is
bringing uncertain but potentially profound effects on fuel types,
wildfire potential and the perception of vulnerability to fire haz-
ard in forest landscapes (Millar, Stephenson, & Stephens, 2007;
Westerling, Hidalgo, Cayan, & Swetnam, 2006).
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5. Conclusions

What are the implications of the findings for planners? Under
the status quo newly developed parcels are likely to have a higher
wildfire potential on average than developed parcels, especially
under average (50th percentile) fuel conditions. This result applies
only to development of currently undeveloped parcels, not to the
further subdivision of developed parcels. Some of the factors con-
tributing to this elevated level of hazard are fixed (e.g. elevation),
while other characteristics (e.g. percent forest canopy cover, fuel
model) potentially could be changed by fuel management strate-
gies such as thinning and prescribed fire (Reinhardt, Keane, Calkin,
& Cohen, 2008; Wimberly, Cochrane, Baer, & Pabst, 2009). How-
ever, under current land use and fire mitigation policies, extensive
and recurring thinning is unlikely to take place on private land,
which is the focus of this study, and which constitutes a signif-
icant portion of the WUI across the West(Schoennagel, Nelson,
Theobald, Carnwath, & Chapman, 2009). As there is considerable
variability in wildfire potential, incentives to develop less haz-
ardous parcels or less hazardous areas within parcels, have the
potential to reduce the incremental increase in wildfire potential.
However, given that in the short-term land use regulations and
hazard zoning are likely to be politically unpalatable and fuel treat-
ments are unlikely to greatly alter wildfire potential at a landscape
scale, county planning authorities should expect wildfire poten-
tial in newly developed parcels to be greater on average than in
currently developed parcels. Since many areas of the Rocky Moun-
tains experienced historically analogous patterns of development
in biophysically similar environments (i.e. early colonization of val-
ley bottoms, of upslope areas later, and reservation of federal lands
at the highest elevations and slopes), these findings may apply
broadly to the U.S. Rocky Mountain region.

Acknowledgements

This research was funded by the National Science Founda-
tion GRS-0540928, Collaborative Research: Fire Risk and Ecological
Integrity in the Wildland Urban Interface of the Colorado Front
Range.

References

Alexander, M. E. (1982). Calculating and interpreting forest fire intensities. Canadian
Journal of Botany, 60(4), 349-357.

Baron,].S., Theobald, D. M., & Fagre, D. B. (2000). Management of land use conflicts in
the United States Rocky Mountains. Mountain Research and Development, 20(1),
24-27.

Bradshaw, L., Bartlette, R., McGinely, ., Zeller, K. (2003). Part 1: Fire weather, mete-
orology, and climate. In R. T. Graham (Technical Editor). Hayman Fire Case Study.
Gen. Tech. Rep. RMRS-GTR-114 (396 pp.). Ogden, UT: U.S. Department of Agricul-
ture, Forest Service, Rocky Mountain Research Station.

Brewer, K. C.,, Winne, J. C., Redmond, R. L., Opitz, D. W., & Mangrich, M. V. (2005).
Classifying and mapping wildfire severity: A comparison of methods. Pho-
togrammetric Engineering and Remote Sensing, 71(11), 1311-1320.

Cocke, A.E., Fule,P.Z.,&Crouse,]. E.(2005). Comparison of burn severity assessments
using differenced normalized burn ratio and ground data. International Journal
of Wildland Fire, 14, 189-198.

Edel, S. (2002). Colorado wildland urban interface hazard assessment methodol-
ogy. Colorado State Forest Service. Available at: http://csfs.colostate.edu/
pages/documents/ColoradoWUIHazardAssessmentFinal.pdf (last accessed
23.07.10)

Fornwalt, P. ., Kaufmann, M. R., Huckaby, L. S., & Stohlgren, T. J. (2009). Effects of past
logging and grazing on understory plant communities in a montane Colorado
forest. Plant Ecology, 203(1), 99-109.

Hammer, R. B., Radeloff, V. C., Fried, ]. S., & Stewart, S.1. (2007). Wildland-urban inter-
face housing growth during the 1990s in California, Oregon, and Washington.
International Journal of Wildland Fire, 16, 255-265.

Hardy, C. C.(2005). Wildland fire hazard and risk: Problems, definitions, and context.
Forest Ecology and Management, 211, 73-92.

Hoerling, M., & Eischeid, ]J. (2007). Past peak water. Southwest Hydrology,
(January-February), pp. 18-19 and 35.

Jenkins, M. ]., Hebertson, E., Page, W., & Jorgensen, C. A. (2008). Bark beetles, fuels,
fires and implications for forest management in the Intermountain West. Forest
Ecology and Management, 254, 16-34.

Jenness, J. (2006). Topographic Position Index (tpijen.avx) exten-
sion for ArcView 3.Xx, v. 13a. Jenness Enterprises. Available at:
http://www jennessent.com/arcview/tpi.htm (last accessed 23.07.10)

Kendall, W. D. (2002). A brief economic history of Colorado. Prepared
for the Demography Section, Colorado Department of Local Affairs.
Center for Business and Economic Forecasting, Inc. Available at:
http://www.cde.state.co.us/artemis/loc6/loc61502ec72002internet.pdf  (last
accessed 23.07.10)

Key, C. H., Zhu, Z., Ohlen, D., Howard, S., McKinley, R., & Benson, N. (2002). The nor-
malized burn ratio and relationships to burn severity: Ecology, remote sensing
and implementation, rapid delivery of remote sensing products. In J. D. Greer
(Ed.), Proceedings of the ninth forest service remote sensing conference American
Society for Photogrammetry and Remote Sensing, unpaginated CD-ROM.

Klutsch, ]J. G., Beam, R. D., Jacobi, W. R., Negron, ]. F. (2008). Fuel and stand char-
acteristics in ponderosa pine infested with mountain pine beetle, Ips beetle,
and southwestern dwarf mistletoe in Colorado’s Northern Front Range. In
McWilliams, Michael; Palacios, Patsy, comps. Proceedings of the 55th annual
western international forest disease work conference, 2007 October 15-19 (p. 26).
Sedona, AZ/Salem, OR: Oregon Department of Forestry.

Krasnow, K., Schoennagel, T., & Veblen, T. T. (2009). Forest fuel mapping and eval-
uation of LANDFIRE fuel maps in Boulder County, Colorado, USA. Forest Ecology
and Management, 257, 1603-1612.

Kruskal, W. H., & Wallis, W. A.(1952). Use of ranks in one-criterion variance analysis.
Journal of the American Statistical Association, 47(260), 583-621.

LANDFIRE. (2006). Data product notification, December 21, 2006. Available online at:
http://www.landfire.gov/notifications.php (last accessed 23.07.10)

LANDFIRE. (2010). Homepage of the LANDFIRE Project. US. Department of
Agriculture, Forest Service, U.S. Department of Interior. Available:
http://www.landfire.gov/index.php (last accessed 07.01.10)

Larson, M. L., & Francis, J. E. (1997). Changing perspectives of the Archaic on the north-
west plains and Rocky Mountains. Vermillion: University of South Dakota Press.

Lopez-Garcia, M. J., & Caselles, V. (1991). Mapping burns and natural reforestation
using thematic mapper data. Geocarto International, 6, 31-37.

Mast, J. N., Veblen, T. T., & Hodgson, M. E. (1997). Tree invasion within a
pine/grassland ecotone: An approach with historic aerial photography and GIS
modeling. Forest Ecology and Management, 93, 187-194.

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

Miller, ]. D., & Thode, A. E. (2007). Quantifying burn severity in a heterogeneous
landscape with a relative version of the delta Normalized Burn Ratio (dNBR).
Remote Sensing of Environment, 109, 66-80.

Nelson, R. M. (2000). Prediction of diurnal change in 10-hour fuel moisture content.
Canadian Journal of Forest Research, 30, 1071-1087.

Platt, R. V. (2010). The wildland-urban Interface: Evaluating the definition effect.
Journal of Forestry, 108(1), 9-15.

Platt, R. V., & Schoennagel, T. (2009). An object-oriented approach to assessing
changes in tree cover in the Colorado Front Range 1938-1999. Forest Ecology
and Management, 258, 1342-1349.

Price, J. I, McCollum, D. W., & Berrens, R. P. (2010). Insect infestation and residential
property values: A hedonic analysis of the mountain pine beetle epidemic. Forest
Policy and Economics, 12, 415-422.

Radeloff, V. C., Hammer, R. B., Stewart, S. I, Fried, J. S., Holcomb, S. S., & McKeefty, J.
F. (2005). The wildland-urban interface in the United States. Ecological Applica-
tions, 15(3), 799-805.

Reinhardt, E. D., Keane, R. E., Calkin, D. E., & Cohen, ]. D. (2008). Objectives and
considerations for wildland fuel treatment in forested ecosystems of the interior
western United States. Forest Ecology and Management, 256, 1997-2006.

Riebsame, W. E., Theobald, D. M., & Fagre, D. (2002). Transforming the Rockies:
Human forces, settlement patterns, and ecosystem effects. In Jill S. Baron (Ed.),
Rocky Mountain futures: An ecological perspective (pp. 1-24). Washington, DC:
Island Press.

Rollins, M. G., & Frame, C. K. (Eds.). (2006). The LANDFIRE Prototype Project: Nationally
consistent and locally relevant geospatial data for wildland fire management, Gen.
Tech. Rep. RMRS-GTR-175. Fort Collins: U.S. Department of Agriculture, Forest
Service, Rocky Mountain Research Station.

Rothermel, R. C. (1972). A mathematical model for predicting fire spread in wildland
fuels. General technical report INT-115. USDA Forest Service, Intermountain Forest
and Range Experiment Station.

Rothermel, R. C. (1991). Predicting behavior and size of crown fires in the North-
ern Rocky Mountains. Research paper INT-438. Intermountain Research Station,
Ogden, UT: USDA Forest Service., p. 46.

Schmidt, K. M., Menakis, J. P., Hardy, C. C., Hann, W. J., & Bunnell, D. L. (2002).
Development of coarse-scale spatial data for wildland fire and fuel manage-
ment. General technical report RMRS-GTR-87. Fort Collins, CO: U.S. Department
of Agriculture, Forest Service, Rocky Mountain Research Station., 41 p+CD
(http://www.fs.fed.us/rm/pubs/rmrs_gtr87.html, last accessed 23.07.10)

Schoennagel, T., Veblen, T. T., & Romme, W. H. (2004). The interaction of fire, fuels
and climate across Rocky Mountain forests. BioScience, 54(7), 661-676.

Schoennagel, T., Nelson, C. R, Theobald, D. M., Carnwath, G., & Chapman, T. B. (2009).
Implementation of National Fire Plan fuel treatments near the wildland-urban
interface in the western U.S. Proceedings of the National Academy of Sciences of
the United States of America, 106(26), 10706-10711.


http://csfs.colostate.edu/pages/documents/ColoradoWUIHazardAssessmentFinal.pdf
http://csfs.colostate.edu/pages/documents/ColoradoWUIHazardAssessmentFinal.pdf
http://www.jennessent.com/arcview/tpi.htm
http://www.cde.state.co.us/artemis/loc6/loc61502ec72002internet.pdf
http://www.landfire.gov/notifications.php
http://www.landfire.gov/index.php
http://www.fs.fed.us/rm/pubs/rmrs_gtr87.html

126 R.V. Platt et al. / Landscape and Urban Planning 102 (2011) 117-126

Scott, J. H., & Burgan, R. E. (2005). Standard fire behavior fuel models: A compre-
hensive set for use with Rothermel’s surface fire spread model. Gen. Tech. Rep.
RMRS-GTR-153. Fort Collins, CO: U.S. Department of Agriculture, Forest Service,
Rocky Mountain Research Station., 72 pp.

Scott, J. H., & Reinhardt, E. D. (2001). Assessing crown fire potential by linking models
of surface and crown fire behavior. Res. Pap. RMRS-RP-29. Fort Collins, CO: U.S.
Department of Agriculture, Forest Service, Rocky Mountain Research Station.,
59 pp.

Sherriff, R. L., & Veblen, T. T. (2007). A spatially-explicit reconstruction of fire regime
types in ponderosa pine forests of the Colorado Front Range. Ecosystems, 10,
311-323.

Sherriff, R. L., & Veblen, T. T. (2008). Variability in fire-climate relationships in pon-
derosa pine forests of the Colorado Front Range. International Journal of Wildland
Fire, 17, 50-59.

Sibold, J. S., Veblen, T. T., & Gonzdlez, M. E. (2006). Spatial and temporal variation
in historic fire regimes in subalpine forests across the Colorado Front Range.
Journal of Biogeography, 33, 631-647.

Tamhane, A. C. (1977). Multiple comparisons in model I one-way ANOVA with
unequal variances. Communications in Statistics Series B, 9, 167-178.

Theobald, D. M. (2000). Fragmentation by inholdings and exurban development.
In R. L. Knight, F. W. Smith, S. W. Buskirk, W. H. Romme, & W. L. Baker (Eds.),
Forest fragmentation in the southern Rocky Mountains (pp. 155-174). Boulder, CO:
University Press of Colorado.

Theobald, D. M., & Romme, W. H. (2007). Expansion of the US wildland-urban inter-
face. Landscape and Urban Planning, 83, 340-354.

Van Wagpner, C. E. (1977). Conditions for the start and spread of crown fire. Canadian
Journal of Forest Research, 7, 23-34.

Veblen, T. T., & Lorenz, D. C. (1986). Anthropogenic disturbance and recovery pat-
terns in montane forests, Colorado Front Range. Physical Geography, 7, 1-24.
Veblen, T. T., Kitzberger, T., & Donnegan, ]. (2000). Climatic and human influences
on fire regimes in ponderosa pine forests in the Colorado Front Range. Ecological

Applications, 10(4), 1178-1195.

Vias, A. C, & Carruthers, ]J. I. (2005). Regional development and land use
change in the Rocky Mountain West 1982-1997. Growth Change, 36(2),
244-272.

Westerling, A. L., Hidalgo, H. G., Cayan, D.R., & Swetnam, T. W. (2006). Warming and
earlier spring increase Western U.S. Forest Wildfire activity. Science, 313(5789),
940-943.

Wilmer, B., & Aplet, G. (2005). Targeting the community fire planning zone: Map-
ping matters. Washington, DC: The Wilderness Society. Available online at
http://wilderness.org/files/targetingcfpz.pdf (last accessed 23.07.10)

Wimberly, M. C., Cochrane, M. A., Baer, A. D., & Pabst, K. (2009). Assessing fuel
treatment effectiveness using satellite imagery and spatial statistics. Ecological
Applications, 19(6), 1377-1384.

Wyckoff, W.(1999). Creating Colorado: The making of the western American Landscape
1860-1940. New Haven, CT: Yale University Press.


http://wilderness.org/files/targetingcfpz.pdf

	Modeling wildfire potential in residential parcels: A case study of the north-central Colorado Front Range
	1 Introduction
	2 Methods
	2.1 Study area
	2.2 Model of wildfire potential
	2.3 Verification of wildfire potential
	2.4 Construction of parcel dataset
	2.5 Evaluation of wildfire potential and biotic/abiotic characteristics of parcels

	3 Results
	3.1 Model verification
	3.2 Research question #1: “Does wildfire potential differ for parcels developed at different time periods?”
	3.3 Research question #2: “Are undeveloped parcels characterized by different wildfire potential than developed parcels?”
	3.4 Research question #3: “Which biotic or abiotic factors are associated with the differences in wildfire potential?”

	4 Discussion
	5 Conclusions
	Acknowledgements
	References


