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Chapter 10 

DIGITAL FORESTRY IN THE WILDLAND- 
URBAN INTERFACE* 

Michael C. wirnberlyl, Yangjian 2hang2, and John A. stanturf" 
' ~ e o g r - a ~ l ~ i c  Ir~for~??ation Science Center o f  Excellence, Soz~th Dnkota State Universih.. 
Brooking.?, Solrrh Dnkofa 57007, USA ' Biologv Deparfment, R~tfger.7 Univer:?i&, Newar-k, 
New Jer:c.ey 07/02. USA; 'USDA For.est Serl8ice Sol,tl?ern Research Starion, Athens, Georgia 
30602, USA 

Abstract: Growing human populations llave Icd to the expansion of tlie Wildland-Urban 
Interface ( \WI)  across the southeastern United States. The juxtaposition of 
build~ngs; infrastructure, and forests in the WUI creates challenges for natural 
resource managers. The presence of flammable vegetation, high rates of 
ht~man-caused ignitions and high building densities combine to increase risks 
of catastropllic loss from wildfire in the WU1. At the same time, fragmentation 
of large ownerships into smaller parcels and changing demograpl~ics may limit 
the possibilities for managing fuels with prescribed fire. To make effective 
dec~s~ons  in this environment, lalid managers will need to integrate a large 
volr~~ne of information characterizing the physical features, biological 
characteristics, and human dimensions of these landscapes. Remote sensing 
and Geographic Information Systems (GIS) technologies are crucial in this 
regard. but they must also be integrated with field surveys, fire behavior 
models. and decision-support tools to carry out risk assessments and develop 
manapement plans for the WUI. This chapter outlines tile types of geospatial 
datascts that are currently available to map fuels and fire risk, provides 
exa~nples of how GIS has been applied in the WUI, and suggests fuh~re 
~ I I - ec t~ons  for the integration of GIS datasets and spatial models to support 
forest management in the WU1. 

Key words: Wildland-Urban Interface (WUI); Geographic lnformatioa Systenis (GIs): 
spatial tnodel~ng; wildfire risk; fiiel reduction; prescribed fire. 
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INTRODIJCTION 

Changing human demographics have altered landscape patterns and created 
new challenges for forest lnanagernent in the southeastern United States. 
Sprawling development at the peripheries of urban areas and increasing 
population densities in rural areas have expanded the Wildland-Urban 
Interface (WUI), where homes and other buildings are adjacent to, or 
intermixed with, flammable vegetation. These new land-use patterns have 
created challenges for natural-resource managers, whose job is to sustain 
timber production, wildlife habitat, and water quality in forested areas while 
protecting homes, infrastructure, and natural resources from fire. 
Historically, prescribed understory burning was widely used to reduce fuel 
loads and fire risk, while maintaining critical ecological processes in the 
South's fire-adapted ecosystems. However, concerns over safety and liability 
]-elated to snioke and escaped fires can limit the applicability of prescribed 
fire in the WUI. Alternative strategies for mitigating wildfire damage 
include mechanical or chemical fuel-reduction treatments, as well as 
educational programs ainled at helping honleowners develop fire-resistant 
landscapes. 

A simple map of WUI boundaries would provide useful guidance for 
nianagers, who must designate appropriate fuel-reduction treatments for 
different locations, and prioritize these treatments to reduce fire risk. 
I-lowever, heterogeneous patterns of both forest cover and human settlement 
across the South belie this characterization of the WUI as a static and 
discrete management unit. Instead, it is Inore realistic to conceptualize the 
WUI as a dynamic set of social, physical, and biotic gradients. Computer 
technology is a valuable asset to managers, who must integrate large 
volu~nes of information to make decisions in this spatially and ten~porally 
variable environment (Figure 10-1). Global positioning system (GPS) 
technology and ren~otely sensed imagery can be used to nnap vegetation and 
filels as well as physical and anthropogenic features. Geographic infon-nation 
systems (GIS) provide the framework for storing, manipulating, and 
analyzing this spatial information. Conlputer simulation models of fire 
behavior and vegetation dynamics can be applied to project changes through 
time and evaluate the consequences of alternative ~xanagenlent scenarios. 

In this chapter, we focus on the problem of fuel management in the 
southeastern United States as a case study for exploring the digital forestry 
paradigm (Zhao et al. 2005). At the national level, a major goal of the 
National Fire Plan is to facilitate the application of fuel-reduction treatments 
for mitigating the hazard of uncharacteristic wildfire. The application of 
geospatial technologies to map vegetation and fuels, predict fire behavior 
and effects, and model the effectiveness of various strategies for fuel 
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management has emerged as a cornerstone of these efforts. We recognize that 
the challenge of managing the WUI encompasses more than just fuel 
management. Other important concerns include the impacts of land-use change 
on wildlife habitat, the introduction of exotic species, and the influences of 
ownership changes and parcelization on timber supply (Macie and Hermansen 
2002), Our goal here is not to provide a comprehensive review of management 
issues related to the WUI, but instead to highlight examples of how multiple 
digital information technologies can be integrated to support fuel management 
and fire-hazard reduction. The strengths and weaknesses of existing approaches 
are discussed, and suggestions for expanded implementation of digital forestry 
are provided. 

Satellite 

Field Data Fuels Mapping 
(wl GPS Methods 

Coordinates) 
I 
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Landscape Simulation Fire Behavior and 
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Figure 10-1. Flowchart illustrating the integration of multiple digital datasets and models for 
fire risk assessment and fire management in the Wildland Urban Interface. 

2. DEFINING THE PROBLEM 

In the United States. the popular conception of forest fires often focuses on 
large conflagrations in the western states. However, wildfire is also a 
common occurrence in the Southeast, where vegetation growth and fuel 
accumulation are rapid and ignitions from both lightning and humans are 
frequent. Fires in the Southeast have the potential to develop into large, 
dangerous conflagrations, as epitomized by the Volusia fire (1 11,130 acres) 
and the Flagler/St. John fire (94,656 acres), both of which occurred in 
Florida in 1998. Even though the annual wildfire acreage is relatively small 
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compared to the western United States, the high density of homes and other 
structures across most of the Southeast result in a high potential for wildfire- 
related losses (Monroe 2002). High population densities increase the 
possibility of smoke-related health problems, even in areas that are far 
removed from the actual flames (Fowler 2003). The spatial juxtaposition of 
buildings and vegetation can create a conundrum for firefighters; homes 
must be protected, but the diversion of resources to defend structures can 
allow a fire to grow and threaten larger areas. Given these myriad 
challenges, it is not surprising that the present-day policies are focused on 
fires in the "intermix," or WUI (Pyne et al. 1996). 

Fuel reduction is currently a major focus of fire management in the WUI. 
Unlike weather and terrain, the two other components of the fire behavior 
triangle. fuels can be modified through prescribed burning or mechanical 
treatments. Prescribed burning is often the preferred method for fuel 
management, because it is inexpensive compared to alternative mechanical 
treatments, and is particularly effective at reducing the fine surface fuels that 
have the greatest influence on fire behavior. However, the use of prescribed 
burn~ng in the WUI can be constrained by negative public perceptions, 
potential risk of escaped fire, and air-quality and smoke-management 
regulations and health issues (Haines et al. 2001). Mechanical and chemical 
altematlves to prescribed burning are available, but these are usually more 
expenswe, and may actually cause short-tern~ increases in levels of fine fuels 
and the potential for extreme fire behavior (Brose and Wade 2002). 

The potential for applying prescribed fire as a fuel-reduction treatment 
also depends on disturbance history and current stand conditions. In the 
absence of fire, autogenic succession in most southern pine forests leads to 
late-successional communities dominated by hardwoods. Fuel loads increase 
as succession progresses, but also shift fro111 pyrogenic grasses and pine litter 
to less-flamn~able hardwood fuels (Maliakal et al. 2000). Increased overstory 
cover provides shelter fro111 solar radiation and wind, leading to higher levels 
of understory fuel moisture (Streng and Harcombe 1982). Thus, it can be 
difficult to reintroduce fire into long-unburned stands under weather 
condit~ons considered acceptable for prescribed burning (Menges and 
Hawkes 1998). Fire-excluded stands can still carry fire, when fuel moisture 
is low enough, but burning under these conditions can result in extreme fire 
behavior and high levels of overstory tree mortality (Plocher 1999). In these 
cases. some type of lnechanical fuel treatment will be needed before fire can 
be reintroduced. 

Fire management in the Southeast, however, encompasses much more 
than just fire prevention and fuel reduction. Prior to European settlement. 
fire regimes, dominated by frequent, low-severity surface fires, created 
relatively open forests, ranging from pine savannahs of the Coastal Plain to 
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hardwood-dominated forests in the Piedmont and the Southern Appalachians 
(Cowell 1995, Black et al. 2002). Fires resulted from a mixture of lightning 
and human ignitions, with mean fire return intervals ranging from less than 5 
years in coastal plain pine forests plain to several decades in the Piedmont 
and the Southern Appalachians (Wade et al. 2000). The important role of fire 
in these ecosystems is evidenced by the large number of fire-adapted trees, 
including longleaf pine (Pinus palustris), and many native oaks ('uercus 
spp.). Frequent surface fires also foster diverse understory plant 
communities (Kirkman et al. 2001) and provide open habitat for endangered 
species such as the red-cockaded woodpecker (Picoides borealis) (James et 
et al. 2001). Thus, the overarching challenge for fuels and fire management in 
the Southeast is to sustain the role of fire as an ecosystem process, while at 
the same tlme minimizing the risk of uncontrolled wildfire, and the negative 
impacts of smoke. 

3. APPLICATIONS OF DIGITAL FORESTRY 
CONCEPTS 

3.1 M apping vegetation and fuels 

Informatson about the quantity and quality of fuels is necessary for 
predicting fire behavior, and evaluating potential fire effects. When 
assessments are expanded to large landscapes, the spatial configuration of 
the fuel mosaic must also be considered. Spatial patterns of fuels. 
topography, and wind all interact to influence fire spread and intensity. Fuels 
are of particular interest from a management perspective, because they can 
be modified through mechanical treatments or prescribed burning. Fuel maps 
can provide valuable information about the total amount of land in need of 
fuel-reduction treatments, as well as the locations of major areas of fuel 
accumulatson. 

Aerial photography and satellite remote sensing have proved to be 
effective technologies for mapping forest vegetation at landscape to regional 
scales. However, the mapping of forest fuels presents greater challenges than 
general land-cover classifications. For predicting potential surface-fire 
behavior, the most important fuels include leaf litter, dead branches, and the 
foliage of live shrubs, grasses, and herbaceous plants. These surface fuels 
have traditionally been classified into a small number of stylized fuel models 
(Anderson 1982), although new and expanded classification systems have 
recently been developed (Sandberg et al. 2001, Scott and Burgan 2005). 
Surface fuels are often hidden beneath the forest canopy, and may be too 



fine grained to discern from rernote imagery, even if the understory is 
visible. Because of these problems, surface fuels are usually mapped 
indirectly, based on assumed relationships with one or- Inore overstory 
attributes that can be inferred from iinage texture or spectral signatures. For 
example, fuel loadings lnay vary with stand age and overstory basal area 
(Wade et al. 2000), or differ anlong major forest-cover types (Hely et al. 
2000). When using this approach, the application of GPS technology is 
critical for linking field-based assessments of understory fuels with imagery 
and GlS databases. 

Remotely sensed imagery, acquired froin aircraft and satellites, has been 
used to inap surface fuels in a variety of landscapes. Oswald et al. (2000) 
mapped surface-fuel models in East Texas by interpreting aerial 
photographs, and predicting fuel models based on percent pine composition, 
pine basal area, and crown closure. Similarly, Welch et al. (2002) developed 
a fuel map for the Great Smokey Mountains National Park by linking 
surface-fuel inodels to 25 generalized overstory vegetation classes that were 
interpreted fro111 aerial photographs. Brandis and Jacobsen (2003) mapped 
surface-fuel loads in New South Wales? Australia, based on characteristics of 
the forest canopy obtained froin Landsat TM imagery. They applied models 
of litterfall and decomposition to translate estimates of canopy bionlass into 
steady-state fine fuel loadings. Van Wagtendonk and Root (2003) mapped 
vegetation classes and associated surface-fuel ~nodels in Yosemite National 
Park using seasonal trends in Norinalized Difference Vegetation Index 
(NDVI) nleasured with Landsat TM. 

A11 alternative to traditional aerial photo interpretation or image 
classification is the predictive vegetation-mapping approach (Franltlin 1995). 
Statistical nlodeIs are used to predict vegetation characteristics using a 
combination of I-emotely sensed irnagery and GIs layers describing climate. 
topography, and othel- biophysical variables. The incorporation of additional 
infom~ation. in the fonn of GlS datasets, is generally believed to iinprove 
~nappjng accui-acy beyond that obtained with remote-sensing imagery alone. 
Rollins et al. (2004) mapped surface-f~~cl models in the Kootenai River 
Basin of nol-thwestem Montana using Landsat TM bands, a digital elevation 
model (DEM), and cliniate maps. Reich et al. (2004)  napped surface-fuel 
loadings in the Black Hills of South Dakota using Landsat TM bands, a 
DEM. and a forest-cover type inap. Falkowski et al. (2005) mapped surface- 
he1 models in northwest Idaho, based on structural stages, cover types, and 
potential vegetation types derived fiom ASTER imagery and topographic 
variables. 

Foi- predicting the risk of crown fires, maps of canopy variables, s~ich as 
canopy bulk density and height to the base of the live canopy, are needed 
(Scott and Keinhardt 2001). Canopy closure and stand height are also 
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necessary to model reductions in wind speed caused by the forest canopy. 
Compared to surface fuels, these canopy variables have a more direct 
influence on the spectral response of the forest overstory. Canopy bulk 
density is correlated with leaf-area index (LAI), and has been mapped using 
Landsat TM i~nagery (Perry et al. 2004), and ASTER imagery (Falkowski 
et al. 2005). However, spectral vegetation indices are insensitive to LA1 
variability in dense, closed-canopy stands (Asner et al. 2003), and are likely 
to exhibit a similar response to canopy bulk density. Estimates of tree 
height and height to base of the live canopy must be indirectly derived 
from spectral variability related to overstory canopy structure (Lefsky and 
Cohen 2003). Active remote sensing technologies such as sensors for light 
detection and ranging (LIDAR) hold particular promise for improved 
mapping of three-dimensional canopy structure. LIDAR has been used to 
measure canopy attributes such as"volume, mass, bulk density, and height 
to base in loblolly pine forests in Texas (Roberts et al. 2005), pine forests in 
central Spain (Riano et al. 2004), and Douglas-fir forests in the Pacific 
Northwest, USA (Andersen et al. 2005). 

A major challenge in fuel mapping is the need for consistent estimation 
of multiple variables, while maintaining a realistic correlation structure. For 
example, a spatial model of fire effects might require maps of fuel models, 
stand height, and canopy closure to predict behavior of surface fire, along 
with maps of tree species and sizes to predict vegetation responses. Keane 
et a]. (2000) dealt with this problem by using a classification approach. They 
first defined strata by overlaying potential vegetation classes derived from 
terrain modeling with cover types and structural stages derived from Landsat 
TM imagery. A look-up table was then used to assign representative canopy 
variables and surface-fuel models to each stratum. Wimberly et al. (2003) 
used the Gradient Nearest Neighbor (GNN) method (Ohmann and G r e g o ~  
2002) to si~nultaneously predict multiple vegetation attributes and fuel 
variables in Coastal Oregon based on Landsat imagery and environmental 
variables. This approach combined a multivariate predictive model 
(Canonical Correspondence Analysis) with imputation of forest inventory 
data to assign representative plots to all locations in the landscape. 

3.2 Delineating the wildland-urban interface 

The intermingling of humans and natural systems in the WUI affects a 
variety of resource values, including water quality, wildlife habitat, and 
timber production. A topic of particular concern is the heightened risk of 
high-severity wildfire in the WUI. In this context, risk encompasses both the 
probability of an unwanted occurrence (wildfire), and the potential 
consequences of its occurrence (ecological degradation or loss of property 



and lives). Although fuel maps can be used to identify areas of high fuel 
accun~ulation, sufficient resources are usually not available to apply fuel- 
reduction treatments to all of these areas. Additional information on the 
locations of objects at risk, such as people and buildings, is needed to 
identify where fuel-reduction treatments will lead to the greatest reduction in 
fire risk. If arson or accidental ignitions are major sources of wildfire, 
humans can also impose a feedback loop that increases wildfire probability 
in the WUI (Cardille et al. 2001). 

The U.S. Census is the major source of spatial information on human 
demographics in the United States (Peters and MacDonald 2004). Similar 
datasets are available for many other countries. The spatial units of the 
census are mapped at 1 : 100,000 scale, and are organized in a nested spatial 
hierarchy, comprised of blocks, block groups, tracts, and counties in order 
of increasing size. These units are scaled to a target population size. For 
example. census blocks typically have a population of 85 people, and are 
therefore much larger in rural areas than in urban areas. At the block level, 
only limited information about population and household densities is 
released. At the block-group level and above, additional information on 
education, income, time of residence, and a variety of other demographic 
variables are available. 

Census data are particularly useful for measuring low-density 
development in forested areas that can be difficult to detect using satellite 
image~y (Theobald 2001). However, the large sizes of census blocks in rural 
areas limits the spatial precision with which patterns of housing units can be 
mapped (Figure 10-2a). Furthermore, many types of buildings, such as 
schools, hospitals, and industrial facilities, are not included in the count of 
housing units. Although these types of buildings are likely to be correlated 
with housing density at very broad scales, they can not be identified from the 
census data at s~nall scales. Thus, additional sources of spatial data on 
human populations will be necessary, when the goal is to develop more 
detailed. local assessments. 

Another type of spatial information reflecting human demographics and 
land use is the pattern of roads. At regional scales, road densities are 
correlated with housing densities, and the intensity of human land use 
(Hawbaker et al. 2005). In rural areas, individual buildings are more 
likely to be located close to a road than far from one (Figure 10-2b). 
Furthermore, the roads themselves can have a strong effect on landscape 
structure. wildlife habitat, and probability of wildfire ignition (Forman 
2002). The TIGEWLine files produced by the U.S. Census contain data on 
roads and other transportation networks for the entire United States at 
1 : 100.000 scale. Road datasets at larger cartographic scales (1 :24,000 or 
greater) provide higher spatial accuracy, and are often available through 






























