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Abstract

Keane, Robert E.; Mincemoyer, Scott A.; Schmidt, Kirsten M.; Long, Donald G.;
Garner, Janice L. 2000. Mapping vegetation and fuels for fire management
on the Gila National Forest Complex, New Mexico, [CD-ROM]. Gen. Tech. Rep.
RMRS-GTR-46-CD. Ogden, UT: U.S. Department of Agriculture, Forest Ser-
vice, Rocky Mountain Research Station, 126 p.

Fuels and vegetation spatial data layers required by the spatially explicit fire growth
model FARSITE were developed for al lands in and around the Gila National Forest in
New Mexico. Satellite imagery, terrain modeling, and biophysical simulation were used
to create the three vegetation spatial datalayers of biophysical settings, cover type, and
structural stage. Fire behavior fuel models and vegetation characteristics needed by
FARSITE were assigned to combinations of categories on maps devel oped from sampled
field data and also from estimates by local fire managers, ecologists, and resource spe-
cialists. FARSITE fuels maps will be used to simulate growth of fires on the Gila Na-
tional Forest aiding managers in the planning and allocation of resources for managing
fire. An extensive accuracy assessment of all maps indicated surface and crown fuels
layers are about 30 to 40 percent accurate. This methodology was designed to be repli-
cated for other areas of the western United States.

Keywords: Gila National Forest, FARSITE modeling, fuels mapping, fire behavior fuel
model, GIS, terrain modeling, satellite imagery classification, vegetation
mapping, biophysical classification
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INTRODUCTION
Background

The movement toward holistic ecosystem management, coupled
with the prolonged effects of 70 years of fire exclusion in the
western United States, has necessitated the use of fire for return-
ing ecosystem health and preventing disastrous wildfires (Mutch
1994, Mutch and others 1993). Fire managers must eval uate the
potential size, rate, and intensity of awildland fire to aid in short-
and long-term wildland fire planning and resource allocation. Re-
cent advances in computer software and hardware technol ogy
have enabled development of several spatially explicit fire behav-
ior simulation models that predict the spread and intensity of fire
as it progresses across the landscape (see Andrews 1989). Some
of these computer programs have the ability to project future fire
growth and compute possible parameters of wildland fires for
planning applications or for real-time simulations (Campbell and
others 1995, Richards 1990). One of the best spatially explicit
fire growth models is the computer program FARSITE (Fire Area
Simulator) available for most IBM-compatible personal comput-
ers (Finney 1995, 1998). FARSITE is currently used by many
wildland fire managers in the United States and other countries
to simulate characteristics of prescribed natural fires and wild-
fires (Finney 1998, Grupe 1998, Keane and others 1998a).

Realistic predictions of fire growth ultimately depend on the con-
sistency and accuracy of the input data layers needed to execute
spatialy explicit fire behavior models (Keane and others 19983,
Finney 1998). FARSITE requires eight data layers for surface and
crown fire simulations (Finney 1995). These data layers must be
both precise and consistent for all lands and ecosystems across the
analysis area. More importantly, the layers must agree with al other
Geographical Information Systems (GIS) layers (i.e., spatially con-
gruent). It isalso helpful if these layers describe large land areas
(e.g., greater than one million acres) so ssimulated fires will not en-
counter missing data at layer boundaries (Grupe 1998). Comprehen-
sive development of these input data layersrequires ahigh level of
expertise in GIS methods, fire and fuel dynamics, field ecology, and
advanced computer technology. It also requires abundant computer
resources and field data. Unfortunately, many land management
agencies do not have the computer resources or expertise to develop
these complex spatial datalayers.

So the FARSITE model, which is available for free to anyone,

requires fuels layers that are quite costly and difficult to build
(Keane and others 19984). Since FARSITE has been selected by
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many federal land management agencies as the best model for pre-
dicting fire growth, many fire managers across the country are now
learning how to use thistool and trying to obtain the input data lay-
ersfor their land areas (Grupe 1998, Campbell and others 1995).
Unfortunately, most fire and land managers do not have the fuels
maps, or even base maps from which they could create the fuels
maps, needed to run the FARSITE model for their area. Most ex-
isting vegetation layers and databases do not quantify fuelsinfor-
mation to the level of detail or resolution needed by FARSITE.
Moreover, some attempts to create FARSITE layers from existing
maps have failed because of inexperience with fuels and vegetation
modeling and mapping in the context of fire behavior. And those
projects where suitable FARSITE layers were created, such asthe
Selway-Bitterroot Wilderness Complex, have been expensive and
time-consuming, costing upwards of $0.10 per hectare and taking
aslong as one or two years (Keane and others 1998a).

Fire managers from the Gila Nationa Forest and the Southwestern
Regional Office of the USDA Forest Service had some unique fire
management challenges. Areasin and around the Gila National
Forest in southwestern New Mexico have arich history of frequent
fires, especially in the montane dry forests and grassland ecosys-
tems (Abolt 1997, Boucher and Moody 1998, Gonzales and Maus
1992). However, effective fire suppression during the last 70 years
coupled with intensive grazing has resulted in increased surface
and crown fuels, thereby creating the potential for uncontrollable
wildfires (Covington and others 1994). Moreover, intensive graz-
ing in pinyon-juniper woodlands and grasslands had reduced fuel
loads so much that conifer encroachment has proceeded unchecked
by fires (Boucher and Moody 1998, Szaro 1989). Fire managers
wanted to use the FARSITE computer program to simulate current
and future fires for planning and real -time fire management, but
they did not have the resources to construct the detailed FARSITE
input layers needed for such alarge area. Moreover, they wanted
to develop spatially explicit, digital fuels maps useful for other fire
management concerns, such as smoke generation and fuel consump-
tion, to include in the fire planning process. We had just completed
development of FARSITE input layersfor 1 million ha (2.3 million
acres) in the Selway-Bitterroot Wilderness Complex (SBWC) and
had refined several new methods for mapping fuels and vegetation
in mountainous terrain (Keane and others 1998a, 1998b). The Gila
National Forest managers asked us to develop FARSITE data lay-
ersfor their area using these new methods. They would then take
the methods learned for their areato show other Forestsin the Re-
gion how to map fuels on their areas.
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This Gila fuels mapping project presented some challenging oppor-
tunities. First, there were no georeferenced ecological plot datafor
any part of the study area that were useful for mapping fuels and
vegetation. In addition, we found very few GIS layers or paper maps
available that were useful for FARSITE input mapping. To us, this
meant that the development of vegetation and fuels classifications
was unencumbered by existing classifications and data. Next, the
fire managers wanted to use the layers for more than FARSITE fire
behavior predictions. They needed spatially explicit datalayersto
predict smoke production, plan prescribed fire activities, and pri-
oritize treatment areas. In addition, other resource groups besides
fire management on the Gila National Forest needed vegetation
layers to plan other management activities in wildlife and ecosys-
tem restoration. This lack of spatial data and the inclusion of these
additional objectives meant that we essentially had to start from
“scratch” and could design every needed data layer around specific
management objectives and FARSITE requirements, thereby mini-
mizing transation problems with historical data and classifications.
Moreover, the lack of field and spatial data meant that we did not
have to follow existing classifications but could design efficient
sampling methodol ogies and new vegetation and fuel classifications
that would be meaningful to all mapping objectives. This was vastly
different from our SBWC mapping effort where we encountered
problems with translating existing georeferenced plot datato the
vegetation classifications useful to fuel mapping, and incompatible
existing and potential vegetation classifications that were rarely in
agreement because they were devel oped independently (Keane and
others 1998b).

The primary objective of this mapping project was to develop all
input spatial data layersrequired by FARSITE to spatially smu-
late fire behavior on landsin and surrounding the Gila National
Forest. In addition, we agreed to develop several other vegetation
and biophysical layers and relational databases useful for other
phases of fire and natural resource management. In fact, the veg-
etation base layers developed for the primary objective of creating
FARSITE input data layers provided a context to develop layers
for the secondary objectives.

Some relevant terminology must be defined to avoid confusion for
the reader. First, the term polygon describes a delineated area of
similar environmental and vegetation conditions (Jensen 1986). In
this paper, the terms “stand” and “polygon” have nearly identical
meanings. Spatial data layers are either raster or vector layers. A
raster layer isagrid of pixels over the geographic region of con-
cern. Every pixel is square and its size defines the resolution of the
layer. For the GNFC project, al pixels are 30 metersin width or
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900 m?in area. A raster layer is defined as a georeferenced grid
of pixelswith each pixel assigned avalue that describes a certain
characteristics of the associated piece of ground. A vector layer is
composed of georeferenced lines that define spatial objects—in
this case, stands or polygons. Geor eferenced plot data arefield
data collected within afixed area plot whose center has been spa-
tially referenced using a geographic coordinate system, often esti-
mated using a Geographic Positioning System (GPS). In this study
we used Universal Transverse Metacor (UTM) coordinatesin
UTM zone 12 with NAD 27 projection. Fuels are defined as the
live and dead biomass that either contribute to the advancement of
the fire front or are consumed after the flaming front has passed.
Fuels are usually categorized as live or dead foliage and wood
(Anderson 1982). Woody fuels are further stratified by four size
classes based on their drying rates (Fosberg 1970). Two types of
classifications are commonly discussed throughout this paper. A
vegetation classification isahierarchical list of categories that de-
scribe some characteristic of the vegetation referenced by a corre-
sponding key to these categories. The three vegetation classifica-
tions used in this project are cover type, structural stage, and
potential vegetation type. An image classification is the grouping
of pixels based on similar spectral reflectance characteristics to
map categories for a vegetation classification. A Glossary has been
provided for terminology related to this project.

FARSITE Description

FARSITE requires eight spatial datalayersfor a comprehensive
evaluation of surface and crown fire behavior. Thefirst layer is
called aDigital Elevation Model (DEM) where each pixel isas-
signed an elevation. Slope and aspect are also required FARSITE
input layers and they can be easily derived from the DEM layer in
aGIS using elevation values from surrounding pixels. The fourth
layer isaFire Behavior Fuel Model (FBFM) map. Pixelsin this
layer are assigned the Anderson (1982) fire behavior fuel model
that best represents the surface fuel complex for the corresponding
piece of ground. Pixels are assigned one of the 13 models of
Anderson (1982) or assigned a customized fuel model (Finney
1995). We used seven of Anderson’s (1982) 13 FBFMs and then
built two customized fuel models for some unique conditions in
the GNFC (Table 1). Average canopy cover is needed to compute
hourly fuel moistures and reduce wind under the forest canopy.
Canopy cover (percent) isthe average vertically projected tree
crown cover in the stand. These are the layers needed to simulate
surface fire behavior and growth.
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Table 1—Fire behavior fuel models (FBFM) used in this Gila project. All fuel models are discussed in detail
in Anderson (1982) except for the pinyon-juniper (number 50), which we built specifically for this

project.
Fire behavior?
Fuel model* Description Rate of spread Flame length

(m/sec) (m)

1 Short grass (0.2 m) 0.436 1.22
2 Timber (with grass and understory) 0.196 1.83
5 Brush (shrubs and conifer regeneration, 0.8 m) 0.1° 1.22
6 Dormant brush 0.17° 1.83
8 Closed timber litter 0.0089 0.31
9 Ponderosa Pine duff 0.042 0.79
10 Timber (litter and understory) 0.044 1.46
50 Pinyon-juniper 0.004 0.15
98 Water — —
99 Non-vegetation (rock, mines, barren) — —

1 From Anderson (1982).
Fire behavior under the following conditions: windspeed 8 km/hr, dead fuel moisture 8%, and live fuel moisture 100%.

FARSITE can compute crown fire behavior if three other vegetation
datalayers are present. Aver age stand height (m) and aver age
crown base height (m) data layers are needed to compute crown
fireinitiation based upon the Van Wagner (1977, 1993) crown fire
model. Stand height is the average height of the dominant tree layer.
Crown base height is the average height to the bottom of the tree
crowns in the stand. A crown bulk density raster layer isused to
compute crown fire spread, along with the previously mentioned
crown cover map. Crown bulk density (kg m‘3) isthe density of
the combustible tree crown biomass above the shrub layer. We
used vegetation characteristics based on cover typesto guide our
estimations of crown bulk density in the field sinceit isadifficult
parameter to directly sample (Table 2).

FARSITE spreads fire across alandscape using the fire behavior
routines found in the one-dimensional fire model BEHAVE
(Andrews and Chase 1989, Andrews 1986, Burgan and Rothermal
1984, Rothermal 1972). FARSITE computes fire intensities and
spread rates for numerous points along the existing fire line using
the fire behavior algorithms of Albini (1976) and Rothermal (1972).
Fireisthen propagated across the landscape from these points using
a series of eclipses based on Huygen's principle (Anderson and
others 1982), which isawave-type model (Richards 1990). Huygen's
principle essentially states that a wave can be propagated from
points on its edge that serve as independent sources of smaller
waves (Richards 1990). Dimensions of the ellipses are computed
from the fire behavior predictions. FARSITE then connects all
points at the end of the smaller waves using topological algorithms
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Table 2—Crown Bulk Density Assignments after Brown (1978) and Pollard (1971).

Crown Bulk Density (kg/m3)
Canopy cover

Species Low cover Medium cover High cover
Ponderosa Pine
Small 0.10 0.12 —
Medium/Large 0.09 0.14 0.20
Douglas-fir
Small 0.10 0.12 —
Medium/Large 0.10 0.18 0.25
Aspen
Small 0.10 0.01 —
Medium/Large 0.01 0.01 0.01
Gambel Oak
Small 0.01 0.01 —
Medium/Large 0.01 0.01 0.01
Juniper
Open Woodland 0.03 — —
Closed Woodland — 0.05 —
Pifion
Open Woodland 0.03 — —
Closed Woodland — 0.05 —
Evergreen Oak
Open Woodland 0.03 — —
Closed Woodland — 0.06 —
Subalpine Fir - Spruce
Small 0.12 0.14 —
Medium/Large 0.12 0.20 0.27
Ponderosa Pine - Douglas-fir
Small 0.10 0.12 —
Medium/Large 0.10 0.16 0.22
Pinyon - Juniper
Open Woodland 0.03 — —
Closed Woodland — 0.04 —
Broadleaf Riparian Forest
Small 0.01 0.01 —
Medium/Large 0.01 0.01 0.01
Broadleaf - Conifer Mix
Small 0.12 0.14 —
Medium/Large 0.12 0.20 0.27
Conifer - Gambel Oak
Small 0.10 0.12 —
Medium/Large 0.09 0.14 0.20
Conifer - Woodland Mix
Small 0.10 0.12 —
Medium/Large 0.09 0.14 0.20
Mixed Woodland
Open Woodland 0.03 — —
Closed Woodland — 0.04 —
Mixed Conifer - Mesic
Small 0.10 0.12 —
Medium/Large 0.10 0.18 0.25
Mixed Conifer - Xeric
Small 0.10 0.12 —

Canopy Cover Descriptions: Low = 21-50 percent overstory canopy cover; Medium = 51-80 per-
cent overstory canopy cover; High = 81-100 percent overstory canopy cover

and this delineates afire line at a given time. The fuels, weather
and topography of areas within the fire line dictate fire intensity
and spread rates. A complete discussion of FARSITE algorithms
is presented in Finney (1998) and it is recommended that this
document be read before FARSITE is used.
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Weather data are not input as a spatial datalayer, but rather as a
set of generalized ASCI| files composed of astream (i.e., list) of
hourly or daily temperatures, precipitation, and relative humidities
(Finney 1995). Each weather file is assigned to a point on the ground
and FARSITE extrapolates this weather across the landscape using
adiabatic lapse rates and other algorithms. Wind is treated differ-
ently than other weather parametersin FARSITE. Wind speeds and
directions are specified by time of day in a separate set of wind
ASCII files. Each wind file is assigned to a portion of the ssimula-
tion landscape using FARSITE protocols. A complete discussion of
input layers and datafilesis present in the FARSI TE users manual
(Finney 1995). We included several weather filesin the Gila
FARSITE database for this project so fire managers wouldn’'t have
to obtain these data from complex sources.

FARSITE creates many raster and vector spatial datalayers and
tabular ASCII databases such as maps and summaries of computed
fireintensity (kW m‘l), spread rates, and flame lengths stratified
by space and time variables. Fire growth and intensity patterns can
be interactively displayed on the computer screen overlaid on top
of topography and fuels layers. FARSITE was developed primarily
to be used as atool in the management of prescribed natural fires
so that maximum allowable perimeters could be predicted. How-
ever, its use has grown to many other phases of fire management
including wildfire planning, prediction and real-time management.
All FARSITE output layers can be imported into a GIS for addi-
tional analysis and display. Keane and others (1996b) linked
FARSITE to athe forest succession model Fire-BGC to evaluate
the effects of fire across alarge landscape in the Bob Marshall
Wilderness Complex, Montana.

Fuel Mapping Studies

There have been few studies where the sole objective was to map
fuelsfor the prediction or description of fire behavior. Most studies
map vegetation, then assign fuel models to the vegetation classifi-
cation. However, Grupe (1998) used the Terrestrial Ecosystem
Survey (TES) to quantify and map FARSITE input requirements
for the Cibola National Forest, New Mexico, but found that, al-
though TES contained sufficient data to quantify crown fuel in-
formation, there was not enough information to create or assign
FBFM to land areas. Moreover, he found that small variationsin
fuel models significantly affected fire behavior predictions. De
Vasconcel os and others (1998) mapped the Anderson (1982) fuel
models over a 192,000 ha region in north-central Portugal using
neural network pattern searching on elevation, land use, and satel-
lite imagery layers. They found this method strongly differentiated
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between grassland and shrubland fuel models with accuracies be-
tween 33 to 75 percent depending on land cover type. Their study
emphasi zed the importance of ground data to train, test, and vali-
date the neural networks. And of course, Keane and others (1998a)
specifically mapped fuels for FARSITE use and their work is refer-
enced throughout this paper.

Most studies mapped vegetation first and then developed fuels lay-
ers from the vegetation layers for fire modeling. Jain and others
(1996) intensively sampled fuels for al categories of aforest type
map created from IRSLISS |1 (Linear Image Self Scanning) imag-
ery to create afuel map for Rajaji National Park in India. Fire fuel
model maps of the North Cascades National Park were devel oped
by Root and others (1985) from plant community maps created
from 1979 Landsat MSS (Multi Spectral Scanner) imagery and en-
vironmental gradients. They assigned both the NFDRS (Deeming
and others 1978) and the Northern Forest Fire Laboratory (NFFL)
(Albini 1976) fuel models to each classified vegetation type. A
similar approach was used by Miller and Johnston (1985) where
they assigned NFDRS fuel models to vegetation classifications of
MSS and AVHRR imagery. Mark and others (1995) assigned
Anderson (1982) fuel models to combinations of timber size class,
stocking level, crown density, crown texture, and vegetation type
that were sampled or extrapolated attributes of photo-interpreted
polygonsin their timber stand atlases.

In Canada, Canadian Forest Fire Behaviour Prediction System fuel
types were assigned to vegetation categories on maps created from
Landsat MSS data for Wood Buffalo National Park (Wilson and
others 1994), Quebec (Kourtz 1977), and Manitoba (Dixon and
others 1985). Hawkes and others (1995) used an expert systems
approach to assign Canadian Fire System fuel types to combina-
tions of stand structure and composition information obtained from
forest surveys. Taylor and others (1998) used a similar method to
simulate the changesin fuel characteristics from stand conditions.
In Taiwan, SPOT imagery and GIS were used to create land use
types that were linked to NDV I greenness estimates to predict spatial
changesin vegetation phenology (Hsieh 1996). Roberts and others
(1998) used AVIRIS (Airborne Visible Infra-Red Imaging Spec-
trometer) satellite sensor imagery and spectral mixture analysis to
classify vegetation fraction, cover, and water content which were
then related to fuel loadings directly sampled on the ground. Y ool
and others (1985) used TM imagery to describe brushy fuelsin
southern California while Hardwick and others (1996) assigned
Anderson (1982) fuel models to vegetation categories from the
TM-derived CALVEG vegetation map to create afuel map for the
Lassen National Forest.
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A major disadvantage of this approach is fuels are not always cor-
related with existing vegetation characteristics or land-use catego-
ries because stand history, biophysical setting, and vegetation
structure are also significant factors governing fuel characteristics.
They need to be incorporated into the fuel model assignment proto-
cols. Another disadvantage is that vegetation layers are often com-
posed of stands or polygons that may be too coarse for fine scale
fire spread prediction. Homogeneity of the fine scale fuel mosaic
may generate “smoothed” fire spread predictions which may not be
realistic (Finney 1998). Thisindirect approach is often the easiest
and quickest because many vegetation classifications and maps are
available and most people can identify vegetation types with little
trouble (Eyre 1980). The greatest benefit of this approach isthe
creation of avegetation map that can be useful for other land man-
agement applications. Other attributes can be assigned to land use
categories to create other useful maps. The ICBEMP (Interior
Columbia River Basin Ecosystem Management Project) effort as-
signed wildlife habitat levels to the coarse scale cover type map to
estimate historical to current declines in habitat value (Quigley and
others 1996).

Projects where fuels were directly mapped from remotely sensed
products such as aerial photos and satellite imagery have the high-
est success when estimating total living and dead biomass in grass-
lands and shrublands (Friedl and others 1994, Millington and
others 1994), and have limited use for assessing surface fuelsin
forested ecosystems because of canopy obstruction of the forest
floor. Principal components and NDV I calculated from AVHRR
(Advanced Very High Resolution Radiometer) imagery composites
of the western United States were classified directly to fuel classes
that were based on vegetation for input to a Initial Attack Manage-
ment System (McKinley and others 1985). The three images gener-
ated from the tasseled cap transformation on Thematic Mapper
(TM) multispectral data have been used to classify chaparral shrub
fuel characteristics across mid-scale landscapesin California
(Cohen 1989, Stow and others 1993). Merrill and others (1993)
estimated living grassland biomass in Y ellowstone National Park
using regression models on bands 4, 6, and 7 from MSS data.
Salas and Chuvieco (1994) classified TM imagery directly to 11
of Anderson’s (1982) fuel models, then assigned vegetation catego-
ries to each fuel model to compute fire risk on alarge landscapein
Spain. An Anderson (1982) fuel model map was directly classified
from TM imagery of Camp Lejeune, North Carolina, for ssmulat-
ing prescribed fires with FARSITE (Campbell and others 1995).
A specia kriging technique called isarithmic analysis was used to
interpolate sagebrush fuel loadings across a small Colorado land-
scape from field data (Kalabokidis and Omi 1995). At very fine
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scales, large scale aerial photography has been successfully used to
estimate natural and slash fuel distributionsin avariety of forested
settings in Canada (Belfort 1988, Dendron Resource Surveys 1981,
Morris 1970, Muraro 1970).

The use of environmental gradients to predict fuel characteristics
has had mixed success. These gradients can be topographical
(elevation, aspect, slope), vegetational (successional stages), bio-
physical (soils, landform), or biogeochemical (evapotranspiration,
productivity, nutrient availability). Kessell (1979) used seven gra-
dients based on topography and vegetation to predict fuel models
and loadings in Glacier National Park, Montana. Habeck (1976)
sampled fuels and vegetation in the Selway-Bitterroot Wilderness
Areaof Idaho and related fuel loadings to stand age and moisture-
temperature gradients. Keane and others (1997b) developed an un-
tested protocol for mapping fuels from several biogeochemical and
biophysical variables using an extensive network of field plots.
Kessell and Catellino (1978) used aform of gradient modeling to
predict chaparral fuelsin California.

One advantage of the gradient approach is that an expression of
the surrounding environment provides a context in which to under-
stand and predict fuel dynamics (Whittaker 1967). For example,
low fuel loadings in a stand may be explained by low precipitation,
high evapotranspiration, and shallow soils. Furthermore, environ-
mental gradients that describe important ecosystem processes, such
as biogeochemical cycles, correlate well with fuels dynamics and
therefore provide atemporal and spatial framework for creating fu-
els maps. Climate change effects on spatial fuel loadings can be
easily created by recomputing the environmental gradients under
the new climate (Keane and others 1996b). Most environmental
gradients are scale-independent which means that the same gradi-
ents may be used to predict fuel characteristics across many spatial
scales regardless of pixel size (Kessell 1979, Whittaker 1967). A
problem with this approach is that gradients do not provide a spa-
tial description of existing conditions and remotely sensed data are
often needed to portray vegetation-based gradients such as succes-
sion classes or cover types. Gradient information is best used to de-
scribe the potential of alandscape or stand rather than to compute
existing conditions (Keane and others 1997b, Kessell 1979). Some
fuel and vegetation mapping projects have merged combinations of
the above approaches to map fuels. Keane and others (1998a) used
terrain modeling to differentiate environmenta gradients using po-
tential vegetation types (Pfister and others 1977) and satellite im-
agery to differentiate vegetation types to create FARSITE fuel
maps for several areas in the Rocky Mountains.
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Study Area

FARSITE input layers were developed for all lands in and around
the Gila National Forest with boundaries defined by the limits of
the satellite imagery and Digital Elevation Model (DEM) coverage
(seebold linein Figure 1). Thisstudy areawill hereafter be referred
to asthe Gila National Forest Complex or GNFC. The Conti-
nental Divide windsits way through the GNFC, where elevations
range from 1370 m in the low elevation grasslands to over 3000 m
along the Mogollon Rim in the southwestern GNFC.

(ieographic Area
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Figure 1—Boundaries of the Gila National Forest Complex (GNFC). Boundaries are set by the extent
of the Digital Elevation Models (DEMs) and the extent of the 1993, 1996 Thematic Mapper satellite
imagery.
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Vegetation in the GNFC ranges from desert grassland and scrub at
the lowest elevations to subalpine forest at the highest elevations.
Mixed woodlands of pinyon (Pinus edulis), juniper (Juniperus
spp.), and oak (Quercus spp.) and forests of ponderosa pine (Pinus
ponderosa) interspersed with plains-mesa grasslands at mid eleva-
tions occupy large expanses of the GNFC. Upper elevations are
dominated by montane coniferous forests of white fir (Abies
concolor), blue spruce (Picea pungens), Douglas-fir (Pseudotsuga
menzesii), and southwestern white pine (Pinus strobiformis) with
the highest slopes and ridges dominated by subal pine coniferous
forests of subalpine fir (Abies lasiocarpa) and Engelmann spruce
(Picea engelmannii). Broadleaf forests of quaking aspen (Populus
tremuloides) and gambel oak (Quercus gambelii) also occur inter-
spersed throughout the montane and subal pine forests (Kruse and
others 1996, Dahms and Gelils 1997).

GNFC climate is monsoonal with dry, mild winters and hot, dry
summers punctuated by a monsoon season of about two months
starting in mid-July. At Gila Hot Springs (elevation 1740 m), in the
center of the Gila Wilderness areain the GNFC, average daily tem-
peratures range seasonally from 1.7° C (35° F) to 21° C (70° F)
and average daily precipitation ranges seasonally from .02 cm to
.28 cm (McCurdy 1997). At higher elevations (2500 m), tempera-
tures range from -5° C (22° F) to 14° C (57° F) (Dick-Peddie
1993). Precipitation ranges from less than 200 mm per year in the
low elevation scrublands to over 1000 mm per year along the
Mogollon rim.

The geology of the GNFC isregionally ssmple but locally com-
plex. Marine sediments were deposited during much of the Paleo-
zoic Era as seas covered most of the GNFC (Chronic 1995). As
tension stretched the continental crust to the breaking point during
the middle Cenozoic Era, composite vol canoes spewed lava and
ash, eventually collapsing into large calderas in the western high-
lands of western New Mexico. More recently, geomorphic pro-
cesses of erosion and mass wasting have created some unique and
complex landforms that dictate vegetation composition and fuel
dynamics. The GNFC landscape is highly dissected due to locally
intense rainstorms contributing to highly variable erosion pro-
cesses which create diverse topographic and biophysical settings.
The dissected nature of the GNFC landscape affects the type and
loading of fuels.

The GNFC had arich and varied fire history (Boucher and Moody
1998). Low severity surface fires occurred every 3 to 27 years
prior to 1900 in the ponderosa pine forests, and fires were more
frequent in the grass and shrublands. Non-lethal surface fires and
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some stand-replacement fires occurred in the montane ecosystems
at average fire intervals ranging from 10 to 50 years (Abolt 1997).
Historically, the vast majority of GNFC landscape was composed
of six fire behavior fuel models (Anderson 1982); the fast-moving
grassland models 1 and 2, and the shrub models 5 and 6, and the
slower-moving timber models 8 and 9 (Chronic 1995, Rixon 1905).
However, over a century of livestock grazing and 60 years of
active fire exclusion have dramatically atered fire regimesin the
GNFC (Boucher and Moody 1998, Dahm and Geils 1997, Savage
and Swetnam 1990). Stand-replacement fires are now more com-
mon because of the buildup of woody fuels and litter (Covington
and Moore 1994). Conifer stands are denser and have more canopy
layers that are more likely to result in crown fires (Covington and
others 1994).

Tree densities have increased exponentially with the lack of fires
because of abundant regeneration, and this has precipitated declines
in tree vigor and forest health that has, in turn, caused increasesin
insect and pathogen infections (Abolt 1997, Covington and others
1994, Wilson and Tkacz 1996). Many stands that were historically
described by low severity fire behavior fuel models (FBFM) 8
(closed timber low woody fuel loadings) and 9 (litter understory)
have now succeeded to FBFM 10 (closed timber heavy fuel |oad-
ing) which predicts severe fire behavior (Boucher and Moody
1998). Grasslands have been invaded by pinyon and juniper, which
can create depauperate understories devoid of fine fuels. Now, fuel
models for historical grasslands have gone from a FBFM 1 (grass-
lands) to some custom fuel model with much less fine fuels and
less intense fire behaviors (FBFM 50 in Table 1). This anthropo-
genic modification of landscape fuels has made devel opment of
FARSITE fuels layers all the more imperative because these layers
will be used to plan the prescribed fires that will help restore his-
torical fire regimes and return ecosystem health.

METHODS
Framework

There are many reasons why FARSITE input data layers are diffi-
cult and costly to build. First and most important, most remotely
sensed products used for fuel mapping, such as aeria photos and
satellite images, are not particularly useful for discriminating dif-
ferent fuel types because the ground is often obscured from view
by the forest canopy (Elvidge 1988, Lachowski and others 1995).
Second, the most important layer needed by FARSITE, thefire
behavior fuel model (FBFM) layer, is not so much a quantitative
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characterization of fuel loadings, but rather a description of ex-
pected fire behavior for the stand (Anderson 1982, Burgan and
Rothermel 1984). Therefore, many people who do not have experi-
encein fire behavior or fuel model classifications are often unable
to estimate the FBFM accurately and consistently. Next, the char-
acterization of all the types and sizes of fuel ina FBFM isvery dif-
ficult to discern from remotely sensed imagery. In fact, wildland
fire propagates primarily through the fine fuels (i.e., grasses,
needles, and small woody material lessthan 1 cm in diameter), and
the loadings of these small fuels are notoriously difficult to classify
from imagery in timber environments (Jensen 1986). Fourth, the
eight data layers needed to simulate fire growth must be developed
and mapped simultaneously so they are spatially congruent. This
means the crown height for a stand must not be taller than the
stand height for the same stand, for example. The three topography
layers (elevation, aspect, slope) are easily derived from DEM’s
(USGS 1987), but the surface fuel layer (FBFM) and the four
crown fuel layers (closure, bulk density, stand height, and crown
height) must be consistently quantified in an ecological context
across large land areas (Finney 1998). Next, fuels are notoriously
variable in time and space, and it is difficult to match their scale
of measurement to the scale of mapping (Brown and Bevins 1986,
Whittaker 1962). Last, fuel maps must be developed at fine resolu-
tions (e.g., 30 meter pixels) for the accurate simulation of fire be-
havior, and many existing stand and vegetation classifications and
maps are too coarse for usein FARSITE. So, since fuels are diffi-
cult to directly map or detect from imagery, we assumed that there
must be a suite of biophysical or biological spatial data layers that
are easy to map and yet correlate well with FBFMs and crown
characteristics.

The methodology we used to develop the GNFC FARSITE input
layersis based on the premise that most ecological characteristics,
especially fuels, can be described from three commonly used eco-
logical classifications of site environment, species composition,
and stand structure. This assumes that many stand characteristics
pertinent to land and fire management can be uniquely represented
from a characterization of that stand’ s biophysical environment,
dominant plant species, and vertical structure of the vegetation,
called the vegetation triplet. The site environment isimportant be-
cause critical, site-dependent ecological processes such as produc-
tivity, decomposition, and fire regime often govern fuel loadings
and fuel characteristics (Brown and Bevins 1986, Waring and Run-
ning 1998, Whittaker 1967). Species composition isimportant be-
cause branchfall and leaffall rates are unique to many forest and
range communities. Moreover, the diverse fuel accumulation rates
and varied species morphology of plant communities can create
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unigue fuelbed characteristics (Brown and See 1981, Brown and
Bevins 1986). Stand structureis critical because it describes the
vertical arrangement of live and dead biomass above the ground
surface (O’ Hara and others 1996, Oliver and Larson 1990). The
vertical arrangement of biomass, both on the ground and in the air,
dictates the subsequent intensity and severity of afire, especially
acrown fire. The mapping protocol presented hereis not the only
way to map fuelsfor fire behavior prediction. There are many
other methods for constructing fuel maps such as timber stand map
assignments, direct satellite image classification, and photo inter-
pretation (Grupe 1998, Mark and others 1995). But, we feel the
methods presented in this paper provide for the most comprehen-
sive and robust map products without exorbitant development
Ccosts.

This vegetation triplet concept has been successfully used to in-
directly describe ecological characteristics for many applications.
Arno and others (1985) classified successiona plant communities
from a description of habitat type (i.e., biophysical setting), cover
type, and diameter structure. Keane and others (1996a) used this
framework to simulate landscape succession at coarse, mid- and
fine scales (Keane and others 1997a, Keane and Long 1998).
Moreover, many hydrologic, wildlife, fire, and fuels characteristics
were mapped for the Interior Columbia Basin Ecosystem Manage-
ment Project (ICBEMP) scientific assessment from these three
characteristics (see Quigley and others 1996). Shao and others
(1996) used potential vegetation typesto refine a cover type classifi-
cation from satellite imagery for anatural reserve in China. Keane
and others (1998b) detail four fuel mapping projects across the
western United States where this approach was used.

The problem then is to select the set of three classifications that
best describe environment, composition, and structure. For the
GNFC project, we selected the classifications of biophysical set-
tingsto describe site environment, cover type to describe species
composition, and structural stage to describe the vertical stand
structure. Hereafter these three classifications will be referred to
as the base vegetation classifications and maps. We assumed a
myriad of ecosystem characteristics, including surface and crown
fuels, can be quantified from this triplet based on past succession
and ecological research (Arno and others 1985, Steele and Geier-
Hayes 1989, Kessell and Fischer 1981). Classifications similar to
these three were used successfully for the Selway-Bitterroot Wil-
derness Complex fuel mapping project and several other projects
in the northern Rocky Mountains (Keane and others 19983, Keane
and others 1998b).
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The biophysical settings layer was to be created from abiophysi-
cal settings classification of the GNFC landscape that integrated
climate, hydrology, evapotranspiration, vegetation, and soils pro-
cesses to gpatially predict changesin the GNFC environment im-
portant to fuels mapping. We were going to use the mechanistic
gradient model of Keane and others (1997b) to spatially predict
biophysical settings by coupling topographic variables such as
landform, elevation, and aspect to climate and biogeochemical pro-
cess variables such as precipitation, evapotranspiration, and pro-
ductivity to define GNFC biophysical settings categories. How-
ever, the simulation and mapping technology and expertise needed
to perform this extensive task were not ready at the time. Instead,
we decided to create the biophysical settings map from topographic
rulebased terrain modeling based on potential vegetation type (see
detailed description below). We did, however, test the applicability
of the Keane and other (1997b) gradient model in creating the bio-
physical settingslayer as presented in later sections.

Biophysical settings are inherently difficult to map because they
represent the complex integration of long-term climatic interac-
tions with vegetation, soils, fauna, and disturbance (K eane and
others 1996a, Deitschman 1973). Moreover, selection of those
biophysical processes critical to fuel dynamicsis difficult because
most are unknown or unquantifiable. Biophysical setting categories
are hard to identify in the field because of their temporal aspect;
many are quantified as a rate such as precipitation (mm year ™).
For example, one would need to place a weather station within
each mapped polygon for severa years to identify the biophysical
setting categories described by climate. So, a vegetation-based
classification was needed to easily identify biophysical settings on
the ground. The biophysical classification can then be cross-refer-
enced to the vegetation-based potential vegetation classification to
directly identify biophysical settings from a plant key. Plant classi-
fications that accurately identify the potential vegetation ableto in-
habit a site in the absence of disturbance provided the perfect link-
age between biophysical settings and vegetation (Pfister and others
1977, Daubenmire 1966). Therefore, a Potential Vegetation Type
(PVT) classification was used to identify biophysical settingsin
the field (Keane and others 1998b).

This linkage of the “bottom-up” PVT classification with the “top-
down” biophysical settings classification (gradient model) will
eventually provide a more robust approach to mapping site condi-
tions. This strategy does not require the mapping of both PVT and
biophysical settings, but rather uses each to improve the ultimate
classification of site environment. The great utility of this approach
isthat these two site classifications can be used alone or in tandem.
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The biophysical settings layer can be used if field data and ecologi-
cal expertise are limited, while the PVT settings can be used if
weather, soils, simulation model input data are unavailable. And
the PVT and biophysical settings layers can be linked to improve
the overall site descriptions. For example, the mapping of PV T cat-
egories from terrain data (topography) can be enhanced if the data
layers of annual rainfall, solar radiation, and net primary produc-
tivity are used to refine the topographic ruleset (K eane and others
1997h).

A PVT describes the composition of near-climax communities at
the endpoint of succession (Daubenmire 1966). Theoretically, a
PVT supports a stable, self-perpetuating plant community in the
absence of disturbance (Pfister and others 1977). This community
exists within a unique set of environmental conditions that can
serve as a surrogate for classifying environmental site conditions
(Arno and others 1985, Pfister and others 1977, Steele and Geler-
Hayes 1989, see Jensen and others 1993). Habitat types and habitat
type phases (Pfister and others 1977) are roughly equivalent to
PVTsat fine spatia scales, while habitat type groups (Reid and
others 1995), fire groups (Fischer and Bradley 1987), or topographic
settings (Barrett and Arno 1992, Brown and others 1994, Keane
and others 1997b) can be used as PV Ts at mid scales, which isthe
scale of reference for most fuel mapping studies. The ICBEMP
created a biophysical settings layer from temperature and moisture
variables to classify and delineate coarse scale PV Ts across the In-
terior Columbia River Basin (Reid and others 1995). Methods used
to create the biophysical settingslayer and the PV T classification
for this GNFC project are discussed in detail in later sections.

Species composition is roughly characterized from cover types
with categories that generally describe the dominant plant species
based on a plurality of basal area and canopy cover for forest types
or based on vertically projected plant cover for rangelands. Ex-
amples of coarse and mid scale cover type categories are presented
in Shiflet (1994) for range types and Eyre (1980) for forest types.
Differences in cover types can be successfully discriminated from
satellite imagery and remote sensing but with alimited accuracy
(see Greer 1994, Lachowski and others 1995, Redmond and
Prather 1996, Shao and others 1996). Cover type maps can be
created from a multitude of remotely sensed products including
aerial photo interpretation, digitized stand maps, videography, and
satellite imagery (Lachowski and others 1995, K eane and others
1997b, Kessell 1979). Both cover type and structural stage maps
for the GNFC project were created from Landsat 5 Thematic Map-
per (TM) satellite imagery using image processing techniques.
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Plant community structure is the vertical arrangement of dead and
live plant biomass above the ground and mostly describes the verti-
cal characteristics of canopy layers and stem material. Stand struc-
ture was described in the ICBEMP by a process-based classifica-
tion of structural stage which describes the vertical succession of
tree and rangeland structures during stand development (O’ Hara
and others 1996, Oliver and Larsen 1990). However, preliminary
field investigations on the GNFC revealed many process-based
structural stages could not be accurately and consistently assessed
in the field or adequately discriminated with satellite imagery be-
cause of past disturbance history. Therefore, we simplified our
forest structural stages categories by relating them to tree diameter
size-classes and the rangeland stages by stratifying them by
lifeforms and site type.

There are many advantages of using this “vegetation triplet” ap-
proach to mapping fuels. First, the concept can be used across
many spatial scales because the categoriesin each of the three
classifications are easily scaled to the appropriate level of applica-
tion. For instance, a cover type category at a coarse scale may be
“needleleaf conifer” whereas the same cover type at amid or fine
scale might be “ponderosa pine.” Second, many land management
agencies already use some form of these classificationsin their
every day management activities, and these classifications can be
easily developed if they do not exist for some areas. Thereisalso
alarge body of research available on these types of classifications
and their mapping (Arno and others 1985, Steele and Geier-Hayes
1989). Many National Forests have existing classifications for
these three attributes, and many of their databases contain fields
for these classifications, but very few have accurate maps of these
attributes across large land areas as yet. Fourth, this vegetation
triplet provides a context in which to interpret fuels maps. For ex-
ample, it isuseful to know that a stand received a closed conifer
FBFM becauseit is ahigh elevation, northfacing site with a spruce-
fir cover type in the pole stage. Next, many types of georeferenced
field data can be used to identify categories of these classifications
in the field. Numerous historical plot data contain plant specieslists
that can be keyed to cover type and PVT. These layers can easily
be updated and refined, and new categories can be added as addi-
tional field data become available. Lastly, and probably most im-
portantly, these layers can be used to map, not only the FARSITE
input data layers, but also many other ecosystem characteristics
such as hiding cover, coarse woody debris, and erosion potential
useful to wildlife, fuels, and hydrology issues.
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Mapping Approach

This mapping project required many tasks to be done simulta-

neously so that it could be completed in less than three years with
two years of field sampling. This means that many critical steps
needed to be initiated without critical products from other steps.
For example, we could not afford to wait for the first year’ sfield
datato be collected to devel op the vegetation classifications. Fig-
ure 2 generally describes the steps (listed vertically) in each phase

Figure 2—Steps involved in this fuel mapping process. To save time, many steps needed to be simultaneously.
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(listed horizontally) of the project (Field data collection, classifica
tion, and mapping). In summary, preliminary vegetation and fuels
classifications were developed and an unsupervised cluster layer of
tentative polygons was created to aid in collection of the first year
of field data and the first draft version of the FARSITE fuels maps
(Figure 2). Extensive field data were collected and organized into
a database that was then used to refine classifications. Polygon
boundaries were delineated for all areas of the GNFC using tex-
tural classification algorithms and then a supervised classification
of the same TM imagery was used to assign vegetation categories
to each delineated polygon. Field data were used to iteratively re-
fine and improve both the supervised classification and polygon
assignments. Categories for each base vegetation classification
were finally assigned to each delineated polygon and then afuels
lookup table was created from the field data to assign FARSITE
fuel parametersto each base vegetation triplet combination. These
maps were then reformatted to FARSITE format and written to a
Compact Disk (CD) for fire management.

Implementation of this vegetation-based strategy to create the
FARSITE layers involved the complex integration of field sam-
pling, image processing, GIS, and fuel modeling tasks asillustrated
in Figure 3. In short, maps of PVT, cover type, and structural stage
were created from terrain modeling, gradient modeling, and satel-
lite imagery using an extensive georeferenced field data set. Then,
the three layers were overlaid to identify all combinations of PVT,
cover type, and structural stage for every polygon. Illogical combi-
nations were discovered and fixed using the field data and ecol ogi-
cal knowledge of the area as criteria. Field data were then summa-
rized by every PV T-cover type-structural stage combination to
assign an FBFM, crown height, stand height, crown closure, and
crown bulk density to each combination (right side of Figure 3).
Field data were also used to assign other ecological parameters dis-
cussed later to each combination. Lastly, raster maps of the eight
FARSITE layers were constructed and imported into the FARSITE
landscape format along with weather databases and other carto-
graphic raster layers (Finney 1995).

Field Sampling

Collection of field datais the most critical task in the mapping of
fuels, even though it is often the most costly and time-consuming
part of any mapping effort. It would be difficult to overemphasize
the importance of obtaining ground-based data to guide fuel
mapping projects. As mentioned, it is nearly impossible to accu-
rately describe fuels characteristics important to fire behavior
from remotely sensed imagery because the canopy obscures fuels
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Figure 3—Flow diagram illustrating the general procedure used to create the FARSITE input fuel maps
for the Gila National Forest Complex (GNFC) area.

characteristics and the important fine fuels are too small to detect.
Therefore, plot data with georeferenced coordinates are the only
source available to accurately describe fuelbed characteristics for
mapping and relating these characteristics to other mappable enti-
tiesthat correlate closely with fuels. Field sasmpling is literally the
only way as yet to adequately describe fuel characteristicsfor fire
modeling for all situations. It would be folly to attempt to map
FARSITE input layers without adequate field sampling.

Georeferenced plot data are important for many reasons. First, field
data provide important gr ound-truth information or an accurate
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description of what is being sensed from imagery. This means
sampled polygons can be used as training ar eas that define classi-
fication categories for controlling image classification procedures
and techniques (i.e., supervised approaches) (Jensen 1986). In ad-
dition, field data can be used to describe a polygon classified from
unsupervised clustering techniques (Verbyla 1995). Field data also
provide a means for quantifying accuracy and precision of devel-
oped spatial classifications. These data are also useful for design-
ing and improving keys for the vegetation classification categories
that are being mapped with imagery. But most importantly, field
data provide a means for interpreting image classifications. Rea-
sons for inaccuracies in an image classification can be explored us-
ing detailed plot data. For example, an inaccurate shrub-herb clas-
sification category can often be improved if the cover of bare soil
and rock was sampled at each plot.

Sampling Strategy — We used a fixed-area plot sampling tech-
nique to describe ecological characteristics within each map unit
(i.e., polygon). Each plot was circular in shape and 405 m? (1/10th
acre) in size. Plot centers were subjectively located in arepre-
sentative portion of selected polygons without preconceived bias
(Mueller-Dombois and Ellenburg 1974, Arno and others 1985).
Representativeness was determined from disturbance history,
plant species composition, and site environment (Pfister and
others 1977). It was assumed conditions within the circular plot
were indicative of the stand or polygon as awhole. Each plot was
georeferenced using a Global Positioning System (GPS) and its co-
ordinates were entered into a database that was later imported into
the GNFC GIS. We gathered all GNFC field data during the spring
and summers of 1997 and 1998.

Information collected at each plot was measured using modified
ECODATA methodology (Keane and others 1990, Jensen and oth-
ers 1993). ECODATA isaset of standardized methodologies de-
signed to measure common ecological characteristics using flex-
ible procedures. ECODATA sampling techniques provided the
desired level of detail 1) to develop vegetation classifications, 2)
to map vegetation and fuels using satellite imagery, and 3) to un-
derstand and interpret each classification with ecologica param-
eters. We modified ECODATA forms and methods so that the in-
puts required by FARSITE were directly measured on al field
plots. Plot forms used in this effort are presented in Appendix A.
ECODATA methods are explained in detail in Hann and others
(1988), Keane and others (1990), and Jensen and others (1993) so
we will not discuss those methodol ogies here, except to describe
the modifications specifically implemented for this study presented
in later sections.
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Sampling Stratification — A preliminary map of GNFC polygons
was devel oped from an unsupervised classification of satellite im-
agery data obtained for this study to temporarily stratify the land-
scape for field sampling (Jensen 1986, L achowski and others
1995). These tentative polygons were used to find map unitsto
sample on the ground. Their boundaries were improved as more re-
fined image classifications were completed | ater in the study. Paper
copies of these preliminary polygon layers, made at the same scale
as a USGS 7.5 minute quadrangle map, were brought into the field
for navigation to the polygons selected for sampling.

Polygons were selected for sampling based on a geographic and
topographic hierarchical sampling stratification where the GNFC
was divided into ecological regions, then important environmental
gradients within each region dictated the sampling locations
(Dicke-Peddie 1993). The GNFC study areawas divided into five
ecological zones based on vegetation, climate, and topographic di-
versity (Figure 4). Thefirst zone, the Black Range zone, occurs on
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Figure 4—The five ecological zones within the Gila National Forest Complex. These zones
geographically stratified major GNFC ecological types for sampling stratification, image clas-
sification, and terrain modeling.
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the eastern border of the GNFC and includes the Black and
Mimbres mountains. The second zone is the Pinos Altos zone,
located north of Silver City, New Mexico, where the absence of
white fir differentiates this mountain range from others with simi-
lar elevation ranges within the GNFC. The third zone, the Burro
Mountains Zone, includes the Burro Mountains, located to the
southwest of Silver City, New Mexico, where vegetation ranges
from desert scrub at the lower elevations to ponderosa pine and
gambel oak in the higher elevations. The fourth zone, the San
Mateo zone, includes the San Mateo Mountains, a portion of the
Cibola National Forest, located to the southwest of Socorro, New
Mexico. Thefifth zone, the Western zone, includes the Mogollon
Mountains and the remaining lands of the study area and is charac-
terized by woodlands and montane and subal pine coniferous forest
(Dick-Peddie 1993). These zones were partially created from a
classification of watersheds based on soils, topography, and geo-
graphical locations performed in the GNFC GIS. We refined the
zones as sampling progressed and as additional plot data became
available for evaluation (Figure 4). A consistent and comparable
sample size was imposed for each zone weighted by area.

We used these ecological zones not only to stratify plot sampling,
but also to refine and constrain the cover type and PVT base layers
needed to map fuels. This zonation allowed usto key certain cover
type and PVT categories to those areas where they occurred. For
instance, white fir does not occur in the Pinos Altos Zone, so we
did not map white fir cover types and white fir PVTsin the Pinos
Altos Zone. This zonation also allowed us to stratify the imagery
classification by broad ecosystem types so that we could constrain
the unique list of possible cover types and structural stages to each
zone and minimize image classification categories by geographical
region.

We originally divided each ecological zone by watershed using the
6th code Hydrologic Unit Code or HUC (Seaber and others 1987,
USGS 1990) to delineate mid-scale areas to sample based on the
following criteria: accessibility, representation of ecological zone,
full elevational range, and watershed size (20,000 to 40,000 ha).
The selected sample watersheds (HUCs) were further divided into
polygons generated from the unsupervised satellite image classifi-
cation discussed above. However, because of limited time and
sampling crews, we had to abandon the HUC sampling stratifica-
tion and instead sample based on accessibility, ecological zone,
and elevation range.

Selection of the polygons to sample was based on several fac-
tors. First, it was important to establish plots along important
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environmental gradients within each zone to ensure all combina-
tions of vegetation and environments are represented in the field
data. Since the direct gradients of climate, soils, and disturbance
are often difficult to identify in the field, we needed a set of easily
measured surrogates that correlate well with these direct environ-
mental factors (Keane and others 1997b). We selected the indirect
topographic gradients of elevation, aspect, and slope as important
indicators of environmental gradients to guide polygon selection.
These gradients served as guidelines for plot establishment and
were not absolute requirements. We tried to establish at least one
plot in each major topographic settings within each zone, but this
wasn'’t always possible because of inaccessibility and time con-
straints. We also tried to sample all cover type and structural stage
combinations within a topographic gradient, but this was also diffi-
cult because the combinations were not known prior to going into
thefield. Obvioudly, agreat deal of field experience was needed to
guide the selection of sample polygons to ensure arobust data set
because of the somewhat subjective nature of polygon selection.

Plot M easurement Detail — It would have been nearly impos-
sible to adequately sample the entire 2.3 million ha GNFC study
areato the appropriate level of intensity and detail needed to
accurately describe fuels for all project objectives because of
time, money, and access constraints. There was not enough time
or money to hire, train, and mobilize the field crews needed to ex-
tensively sample all ecosystems and topographical situationsin the
GNFC study area. And, there were many private lands where we
could not gain access for sampling. Moreover, the level of detail
needed from each plot could take several hours to measure which
would prohibit large sample sizes needed for image classification
and accuracy assessment. In other words, the wide array of eco-
logical characteristics specified for measurement at each plot
(e.g., tree sizes, plant species coverages, fuel loadings) would
have exhausted the time that could be used to sample more plots.
As aresult, we needed to design a sampling strategy that would
bal ance measurement detail with sampling intensity and available
resources.

Three levels of measurement detail were utilized in thisfield ap-
proach. The most intensive sampling methodology was used to
quantify the myriad of ecological attributes and stand characteris-
tics (e.g., fuel loadings, tree size distributions, plant species com-
positions) important to understanding the ecological interrelation-
ships that influence vegetation and fuel dynamicsin and around the
GilaNational Forest. The next level of sampling detail was used to
quantify ecological attributes and stand characteristics used in all
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map layers and vegetation classifications. The least intensive mea-
surement methodol ogy was used to quickly assess accuracy of de-
veloped layers.

The most intensive measurements were taken on the Ecosystem
Characterization (EC) plots that were semi-permanently located
within representative portions of unsupervised polygonsusing a
wooden stake (See Appendix B for EC plot establishment details).
The primary purpose of this sampling scheme wasto collect the
detailed information needed to characterize and describe all eco-
system attributes, especially actual fuel loadings, for assigning im-
portant attributes to base vegetation (PVT-cover type-structural
stage) categories. In addition, these plots were used to describe the
context and relationships of the mapped entities with other ecologi-
cal characteristics such as plant cover, slope position, and ground
cover. EC plots were essential for understanding the interrel ation-
ships between fuels, climate, fire and vegetation, and they also pro-
vided baseline data for the calculation of many other ecological
characteristics useful to land management including timber biom-
ass, hiding cover, and thermal cover.

General site information including lifeform plant cover, ground
cover, geology, topographic features, fuels descriptions, and fire
behavior models (FBFM) were estimated on the EC plots from the
Genera ECODATA methodol ogies described by Hann and others
(1988) and these data were recorded on a modified General Form
(GF) shown in Appendix A. We also recorded the eight FARSITE
input parameters specially added fields on this General form. Plant
composition measurements (species, percent cover, height) were
recorded on the ECODATA Plant Composition (PC) form with
tree and shrub cover stratified by six size classes (Appendix A).
Fuels data were recorded using the line intersect technique of
Brown (1974) described in Appendix C which was taken from
the ECODATA Downed Woody (DW) Fuels method (formin -
Appendix A). Tree health, species, diameter at breast height
(DBH), crown height, and total height were recorded for all trees
within the plot boundaries using the modified ECODATA Tree
Data (TD) methods presented in Appendix D (TD form presented
in Appendix A). The position of each EC plot was georeferenced
to UTM coordinatesin UTM zone 12 using Global Positioning
System (GPS) units and recorded on the ECODATA Location
Linkage (LL) form (see Appendix A for LL form, Appendix B
for GPS procedures). Differential correction of locations was com-
pleted in the office and recorded on the LL form (see Keane and
others 1998b). Approximately 10 percent of the field plots were
targeted to be EC plots. It took from one to two hours to complete
measurements on the EC plot.
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Estimating the FARSITE input layer values for each plot was diffi-
cult because of the high variability observed in each ecosystem.
Stand and crown base heights were ocularly estimated to the near-
est meter. Canopy cover was assessed in the same way used to
assess cover for each plant species from the ECODATA PC meth-
ods. Crown bulk density values was assessed from the canopy
cover-cover type-structural stage combinations (Table 2). Values
from Table 2 were reduced proportionally for medium and low
canopy cover classes (30 and 60 percent, respectively) (Pollard
1972, Brown 1978). Seedling/sapling stands will be assigned a
crown bulk density for the low cover class and increased by 15
percent for the medium cover class. Bulk densities for woodland
types were calculated from the Leaf Area lndex measurement de-
vice (LiCor LAI-2000) readings measured on woodland-type plots.
The leaf area was converted to crown biomass using specific leaf
areas (kg m-2).

The next level of measurement detail was captured by the Ground
Truth (GT) plot and this was the primary method used to collect
field data for this study. The purpose of this sampling level wasto
collect the data needed to develop biophysical settings, cover type,
and structural stage classifications, and aso to collect the geo-
referenced data needed as training areas and accuracy assessments
for satellite image classifications. This plot sampling method also
gathered all data needed for direct estimation of all FARSITE input
layer variables, for development of all base vegetation map classi-
fications (PVT, cover type, structural stage), and for computation
of al the variables needed to key or compute and validate the
FARSITE and base map classifications. Forms completed at each
GT sample site included modified General Forms (GF), Location
Linkage (LL), and Plant Composition (PC) (Appendix A). The
GT plot center coordinates were also determined from GPS units
(See Appendix B for GT plot establishment details). Approximately
40 percent of al sample plots were targeted to be GT plotsfor this
study and it took about 40 minutes to complete al GT forms.

The least intensive sample plot was the Polygon Validation (PV)
plot. This sampling method was only used to assess accuracy and
precision of the devel oped vegetation base layers and the FARSITE
input layers. Only the PVT, cover type, structural stage, FBFMSs,
canopy cover, crown base height, stand height, and crown bulk
density were assessed at these plots. Paper maps, identical in size
and scale with USGS quadrangle maps, were created with the
boundaries of the spectrally classified polygons overlaid on roads,
trails, streams, and contour lines. A unique polygon identification
number (ID) was printed inside each polygon on the map. These
maps were taken into the field and used to navigate to selected
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polygons in the sample watersheds. Most sampled polygons were
along roads and trails because they transacted the topographic gra-
dients, and also, they were more efficient to sample because of ac-
cessibility. Once we verified the polygon location with either GPS
readings or map reference points (e.g., confluence of streams, road
intersections, unique topographic settings), we visually estimated
the eight base parameters mentioned above. These data were writ-
ten onto the PV form shown in Appendix A along with the unique
polygon ID number printed on the paper map. It took less than 10
minutes to sample a polygon using PV plot methods but the infor-
mation content of these measurements was very limited. This
method was only used during the second sampling season of 1998.

All field data collected for the Gila fuels mapping project were
entered into Paradox databases and double-checked for errors by
scanning al entries and then performing logic checks via database
gueries (Jensen and others 1993). These databases were structured
so that they were easily transportable to the GNFC Arclnfo GIS
gpatial database and various statistical programs. DBF (database
format) files of all field data are stored on the CD in the directory
CD\DATABASE with each subdirectory named for the two-letter
form name (e.g., GF contains all data recorded on the General
Form shown in Appendix A). The formats of these DBF data sets
arein CD\DATABASE\FORMATS and presented in Appendix G.

Vegetation Classifications

We created robust, comprehensive, and flexible vegetation classifi-
cations of PVT, cover type, and structural stage from the data col-
lected in the field. This proved to be one of the most demanding
tasks of the project because the classifications for the vegetation
triplet are the heart of the image classification and fuel mapping
procedure, so the resolution of the categories of each vegetation
map needed to match the resolution of FARSITE input layer cat-
egories and the resolution of the digital maps. For example, cover
type categories needed to be fine enough to identify major changes
in surface FBFMs and crown fuel characteristics at a 30 meter pixel
resolution, but broad enough to minimize classification and sam-
pling complexity (Finney 1998). Broad categories could “ smooth”
the spatial distribution of fuels, while many fine categories could
overwhelm the satellite image classification process and require
inordinately large field data sets (Jensen 1986, Schowengerdt
1997). And most importantly, we needed to design the vegetation
classification categories so that they would be useful to other facets
of land management, and not only fire management (Keane and
others 1998b). This was difficult since most cover types and struc-
tural stages commonly used in land management are difficult to
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accurately discriminate using satellite imagery (Keane and others
1998b, Lachowski and others 1995). Lastly, the categories of the
base maps needed to be consistent across the three classifications
to allow aunique set of cover types and structural stages for each
PVT. Keysfor the base vegetation classifications are presented in
Appendix E.

PVT Classification —The existing plant association classification
for the GNFC (USDA Forest Service 1997) was not useful for this
study for several reasons. First, the level of classification was too
fine for fuel mapping, and it was difficult to aggregate plant asso-
ciations to the coarser categories needed for this mapping effort.
Thiswas partially because many associations were not true PVTs
but rather plant communities defined by disturbance processes and
therefore did not consistently represent unique site conditions. It
was difficult to hierarchically aggregate associations with the exist-
ing classification system and relate the composite types to dynamic
site descriptors such as climate or soils. So instead, we created our
own PVT classification based on the synecology of existing tree
speciesin the GNFC.

First, the field data were analyzed using database queries to iden-
tify similar groups that describe biophysical conditions appropriate
for mapping fuels. We used the existing classification as a starting
point, and then refined, deleted, and added classified typesin ac-
cordance with our project objectives. We then created a working
list of draft PV Tsand an associated key to their classification. Next,
thisdraft PVT key was refined by reclassifying the field data and
also by soliciting help from regional experts.

A tentative list of PVTs along with a corresponding key was devel-
oped after analysis of the 1997 vegetation database of 1000 plots.
Only 1 percent of field plots were not classified to PVT by the ten-
tative key; those plots were assigned the most plausible PVT from
an assessment of 