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Introduction ____________________
 The Landscape Fire and Resource Management Plan-
ning Tools Prototype Project, or LANDFIRE Prototype 
Project, originated from a recent mapping project that 
developed a set of coarse-scale spatial data layers for 
wildland fire management describing fire hazard and 
ecological status for the conterminous United States 
(Hardy and others 2001; Schmidt and others 2002; www.
fs.fed.us/fire/fuelman). Schmidt and others (2002) used 
linear succession transition pathways to estimate vegeta-
tion conditions that occurred on historical landscapes 
represented by combinations of land cover types and 
structural stages from existing vegetation databases. The 
comparison of current landscape conditions with these 
historical successional sequences provided a means for 
assessing departure and for creating an index, called 
Fire Regime Condition Class (FRCC), that reflects the 
magnitude of departure (see Hann 2004 and www.frcc.
gov).
 Although maps generated from this coarse-scale map-
ping project provided fire management with a first-ever 
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picture of ecosystem conditions across the lower 48 
states or conterminous U.S., they contained problems 
that limited their use at finer resolutions and for smaller 
areas. First, the maps were developed with a large grain 
size (pixel size) of 1 km square. Very few field-referenced 
data sets are compatible with this large pixel size, mak-
ing it difficult to develop empirical predictive models 
to increase or assess accuracy. Second, the project was 
limited to existing spatial data layers, including the land 
cover type and stand structure maps, to describe current 
and historical conditions. The legends of these layers 
tended to have categories that were broad and therefore 
difficult to describe uniquely with any degree of accuracy 
(Schmidt and others 2002). Moreover, the existing map 
layers used in this project were developed at different 
map scales and with varied resolution and detail because 
they were created from various independent efforts that 
had disparate objectives. As a result, it was often difficult 
to rectify the broad and sometimes inconsistent map 
categories between maps. Last, the majority of the data 
layers were based on models that were parameterized 
using ecologists’ and managers’ estimates rather than 
with data collected in the field. Because of these limita-
tions, the coarse-scale mapping products could be used 
only for large, regional assessments and were essentially 
useless for finer-scale applications such as national forest 
management plan revision and implementation or local 
wildland fire hazard assessments.
 The inability of the coarse-scale mapping project to 
aid in finer applications spurred the U.S. Department 
of Agriculture (USDA) Forest Service (FS) Fire and 
Aviation Management (FAM) to explore the possibility 
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of developing a set of data layers that could be used at 
multiple scales, from national planning to local fuel treat-
ment design. To make regional and local comparisons 
possible, it was essential that each layer be constructed 
in a manner ensuring that all areas of the country receive 
the same rigor and detail in the mapping effort.
 In December of 1999, FAM met with scientists at the 
USDA FS Rocky Mountain Research Station (RMRS) 
Missoula Fire Sciences Laboratory (MFSL) to request 
the design and implementation of this national, fine-scale 
mapping project. The MFSL scientists wrote a proposal 
and study plan for this project and submitted both to 
FAM in March of 2000. In 2002, the project was funded 
by the United States Department of Agriculture Forest 
Service and Department of the Interior, with an annual 
cost of approximately $2 million. The MSFL scientists 
started the project in April of 2002 and called it the 
“LANDFIRE Prototype Project” (Rollins and others, 
Ch. 2). These methods and tools were tested in two large 
geographic areas (called prototype areas) during 2003 
and 2004 and revisions to the process occurred during 
2004 and 2005. The LANDFIRE Prototype Project was 
completed in April of 2005 and the results are currently 
being implemented across the nation. Meanwhile, the 
General Accounting Office (GAO) published two reports 
on the increasing threat of intense wildland fires across 
the nation (GAO 2002) and fire management’s inability 
to cope with this emerging threat (GAO 2004), and GAO 
identified LANDFIRE as a viable project for generating 
the spatial data needed to plan and implement a national 
fire program (Rollins and others, Ch. 2).
 This chapter documents the history, concepts, theory, 
and scientific foundation of the development of LAND-
FIRE products as they were applied to the two prototype 
areas. First, the background of the project is presented 
to detail the project’s design criteria and guidelines. 
Then, the theory and development of each integrated 
LANDFIRE task is discussed in the context of the overall 
project. This chapter does not describe how each phase 
of LANDFIRE was accomplished (for this information, 
see Rollins and others, Ch. 2); rather, it describes the 
scientific background and concepts behind the design of 
LANDFIRE and the theory and ideas behind the devel-
opment of the project’s tasks. Although the methods and 
protocols presented here were implemented and refined 
for two prototype areas only (Rollins and others, Ch. 
2), this report is written with the perspective that these 
methods will eventually be applied throughout the entire 
United States.

Background ____________________

Project Objectives
 The primary objective of the LANDFIRE Prototype 
Project was to develop a fine-scale (30 meter) digital 
map (spatial data layer) of Fire Regime Condition Class 
(FRCC). FRCC is an ordinal index with three categories 
indicating how far the current landscape has departed 
from historical conditions (Hann 2004) (see www.frcc.
gov for complete details). This data layer can be used 
to identify those areas that are in need of treatment to 
reduce wildland fire hazard and protect homes and lives. 
Fire management can then use this information to al-
locate funding, fire fighting resources, and personnel to 
these areas for implementation of restoration activities 
and fuel reduction treatments (Laverty and Williams 
2000) (see www.fireplan.gov for details).
 The FRCC layer’s primary use lies in fire manage-
ment planning and resource allocation, with limited 
use in designing and implementing possible treatments. 
We therefore identified several secondary objectives of 
the LANDFIRE Prototype Project aimed at creating 
spatial and software products to aid fire management 
in implementing the National Fire Plan’s Cohesive 
Strategy (Laverty and Williams 2000). For example, 
we specified the development digital maps of wildland 
fuel (surface and canopy) and of vegetation composi-
tion and structure as important data for designing fuel 
treatments. We eventually identified 24 core data layers 
to be developed as LANDFIRE Prototype products (see 
table 1 in Rollins and others, Ch. 2).

Design Specifications
 A set of design criteria was developed during the initial 
LANDFIRE organizational meetings with USDA FS 
MSFL scientists and FAM. Most of these criteria re-
sulted from the abbreviated timelines and solid deadlines 
imposed by FAM and other fire management agencies. 
Other criteria were imposed as a result of FAM’s con-
dition that LANDFIRE be based on a strong scientific 
foundation and be scalable to local applications with 
minimal modification.
 The design criteria for the LANDFIRE Prototype are 
listed below and are detailed in the following paragraphs. 
According to the design criteria, the LANDFIRE Pro-
totype Project must be:
 •	 based on the best available science,
 •	 able to be implemented consistently across the 

 nation,
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 •	 mapped at a 30-meter pixel size,
 •	 reliant on no new field data collection,
 •	 repeatable in time and space,
 •	 scalable in application,
 •	 developed within a three-year development timeline, 

and
 •	 tested for accuracy.
  Fire and Aviation Management’s overriding design 
specification was that the products generated from 
LANDFIRE must be based on the best available science. 
This meant that the many tools, methods, programs, 
models, and protocols used in LANDFIRE to produce 
the FRCC maps needed to have a publication record, 
preferably in peer-reviewed journals, or in some way 
demonstrate acceptance by the scientific community. 
This limited the methods and procedures, especially 
those involving spatial analyses, to those that are citable 
in the literature. This specification implied that LAND-
FIRE development should have a minimal amount of 
subjectivity. We interpreted this to mean that each data 
layer and model should be developed using methods that 
are repeatable and objective. Some tasks in LANDFIRE 
required the creation of new methods that are not in the 
literature. In these cases, we developed the new meth-
ods from scientifically credible sources and prepared 
manuscripts for publication describing these methods.
 To build LANDFIRE on a scientifically credible 
foundation, we based the development of all products in 
LANDFIRE on an extensive, plot-level database, called 
the LANDFIRE reference database (LFRDB) (fig. 1) 
(Caratti, Ch. 4). Every product generated by LAND-
FIRE was developed from legacy field data collected 
by resource professionals and screened for quality and 
consistency (the LANDFIRE Prototype Design section 
below gives additional detail on the database). This data 
compilation process ensured that each data layer could 
be easily recreated (repeatable), an especially important 
feature when additional data become available in the 
future. In addition, this process allowed for accuracy 
assessment, and the reference plot data could be used 
to scale LANDFIRE products for local applications by 
facilitating the development of additional, more detailed 
classifications of cover types, structural stages, and fuel 
models. A major complication arose from the design 
specification that, to reduce the costs of and time for 
project development, no additional data be collected. 
This meant no new data could be added to the database 
to supplement the ecosystems or geographic areas where 
data were lacking. This criterion was relaxed, however, 
when we found significant gaps in data coverage for the 
mapping of current vegetation conditions.

 The second most important design standard was that 
LANDFIRE products must have the potential for na-
tional implementation. This meant that all ecosystems 
had to be mapped and modeled with the same degree 
of complexity and detail, ensuring that the FRCC cat-
egories would have the same meaning across the entire 
conterminous U.S. In other words, a “red” pixel in 
Maine would mean the same as a “red” pixel in Arizona. 
For LANDFIRE, we used the terms “consistent” and 
“comprehensive” to define this national implementation. 
Consistent means that we used the same methods of 
mapping and modeling for every pixel in the conter-
minous U.S., and comprehensive means that we used 
the same rigor (a thorough and wide-ranging approach) 
for all LANDFIRE tasks, regardless of ecosystem or 
geographic area.
 The 30-meter pixel size condition specified by FAM 
was an important criterion because they wanted fine-
scale applications to be possible for all LANDFIRE 
map products. This posed a significant scale problem 
because it is difficult to match map category and simu-
lation model resolution for national implementation to 
the small spatial resolution of 30 meters; however, this 
pixel size matched the grain of the satellite imagery and 
digital elevation models that were used to map current 
vegetation conditions.
 Another important criterion was that the project had 
to be developed so that it could be repeated every five 
to ten years to assess and monitor the efficacy of the 
National Fire Plan and the Cohesive Strategy (www.
fireplan.gov) across the U.S. in a standardized format. 
By repeating the LANDFIRE process every five to ten 
years, fire management would have a vehicle by which 
to monitor the success of the National Fire Plan and 
Cohesive Strategy across multiple spatial scales. Subjec-
tive and arbitrary methods and protocols had no place 
in the creation of any LANDFIRE product because they 
are difficult to consistently replicate.
 The specification that LANDFIRE include tools and 
methods to scale maps and models both upwards (coarser) 
and downwards (finer) presented a major challenge in 
the creation of many LANDFIRE products. Although 
important, this turned out to be a time-consuming design 
requirement because it required that all products have the 
ability to be scaled both in geospatial and management 
applications. For example, the vegetation data layers 
needed to be developed so that refinement and additional 
detail in the vegetation classification categories could 
be remapped on smaller landscapes with relative ease. 
This stipulation also meant that tools were needed that 
integrate the LANDFIRE products into value-added 



�8 USDA Forest Service Gen. Tech. Rep. RMRS-GTR-�75. 2006

Chapter	3—The	Scientific	Foundation	of	the	LANDFIRE	Prototype	Project

Figure 1—Flow chart of all LANDFIRE software and products culminating in the creation of the FRCC layers.  All 
squares	in	the	figure	are	digital	maps,	circles	are	analysis	tasks	involving	software,	and	ovals	are	data	sources.		
The	acronyms	are	defined	as	follows:	DEM	-	digital	elevation	model,	PVT	-	potential	vegetation	type,	PET	-	potential	
evapotranspiration, NPP - net primary productivity, and GIS AML - geographic information systems macro language.  
All other acronyms are program names that are detailed in this report.
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products that have more specific meaning and utility 
for fire management, especially at local scales. For 
example, the LANDFIRE fuel layers can be used in 
the Fire Hazard Rating Model (FIREHARM), to create 
spatial data layers of expected fire behavior and effects. 
Moreover, all of LANDFIRE analysis programs and 
models are open source so that they can be modified 
for local situations and applications.
 As specified by FAM, the entire LANDFIRE Proto-
type Project needed to be completed in three years. This 
included the final 24 map layers, the analysis software, 
and the final draft manuscripts of all chapters presented 
in this report. This timeline required that the entire 
process had to be developed within the first 18 months 
and implemented within the first prototype mapping 
zone during the following six months. Revisions and 
refinements needed to be made, and the second prototype 
area had to be mapped during the following six months. 
The chapters in this report were written during the last 
six months. This accelerated timeline dictated the detail 
of analysis for many LANDFIRE tasks and prevented 
a more thorough investigation of a few aspects of the 
project.
 The last design requirement specified that every data 
layer be assessed for accuracy to ensure and document 
the quality and precision of LANDFIRE products. As 
mentioned, we created the LFRDB to serve as a founda-
tion for meeting the accuracy assessment requirement. 
There is, however, a wide range of accuracy assess-
ments: from thematic accuracy (Is this pixel mapped 
correctly?) to classification accuracy (How often does 
this classification fit real field data?) to model accuracy 
(How often does the statistical mapping model predict 
the correct answer?). FAM identified thematic accuracy 
as the primary target. The estimation of this measure 
has many problems, however, including the possibility 
of field data having 1) inaccurately georeferenced plot 
coordinates, 2) errors in data measurement and entry, 
and 3) inexperience and inconsistency within field crews 
(Vogelmann and others, Ch. 13). We therefore attempted 
to report as many types of accuracy measures as pos-
sible, using the reference database and data from other 
modeled sources, to provide a more complete assess-
ment of accuracy. The main three measures of accuracy 
that we calculated for most LANDFIRE products were 
1) thematic accuracy or the accuracy of a pixel being 
mapped correctly, 2) landscape accuracy or the accuracy 
of pixel summaries across large areas, and 3) model 
accuracy or the accuracy of the statistical models used 
to build the maps (Vogelmann and others, Ch. 13).

Guiding Principles
 Given these design specifications, we then developed 
a set of principles that we used to guide the development 
of all LANDFIRE data layers. These principles were a 
direct outgrowth of the design specifications, and they 
allowed us to set boundaries for the development of 
every LANDFIRE product. These guidelines were as 
follows:
 •	 Development should be targeted at mid-scale map 

classifications.
 •	 All themes must be identifiable, scalable, mappable, 

and model-able.
 •	 Mapping applications must incorporate the bio-

physical gradients that determine the distribution 
of vegetation and disturbance regimes across land-
scapes.

 •	 The primary development tool should be simulation 
modeling.

 •	 The timespan for historical reference conditions 
would be 1600 AD to 1900 AD.

 Development should be targeted at mid-scale – The 
mid-scale development target was chosen because of 
the national implementation design specification. It 
was unrealistic to develop and map classifications of 
vegetation at finer scales for several reasons. First, 
national vegetation classifications that are scalable to 
local applications are nonexistent or, at best, incomplete, 
especially for mapping purposes (Anderson and others 
1998; Grossman and others 1998). Next, most existing 
classifications do not provide for the shared dominance 
of two or more species in a consistent manner for the 
entire nation (Long and others, Ch. 6). In addition, many 
rare vegetation types that are important to management 
have not been sampled in the field and were therefore 
under-represented in the LANDFIRE reference data-
base, making it difficult to map rare vegetation types 
at a national scale. Last, there was not enough time to 
develop the detail in our simulation models required 
for fine-scale mapping. For these reasons, we decided 
to aim for a mid-scale target in the development of all 
LANDFIRE intermediate and final products, including 
map categories, model elements, and fuel classes.
 In keeping with this mid-scale development, we chose 
to use the USGS Center for Earth Resources Observa-
tion and Science (EROS) mapping zones (Rollins and 
others, Ch. 2) to define the spatial extent which guided 
the design of all vegetation classifications and simula-
tion models. To that end, we decided that a vegetation 
class must occur in at least five percent of the mapping 
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zone to warrant its mapping. This restriction eliminated 
from consideration many vegetation types which, al-
though important for local applications, are uncommon 
across an entire mapping zone. It is doubtful that we 
could have mapped these types anyway as there were 
so few representative data for these in the LFRDB. It is 
important to note that the mid-scale development target 
concerned mainly the vegetation and fuel classifications 
that were mapped across the nation, not the spatial and 
temporal resolution of the maps; we still had to meet 
the fine-scale design specification of a 30-meter spatial 
resolution.
 All themes must be identifiable, scalable, mappable, 
and model-able — The categories within the vegeta-
tion map unit classification mapped by the LANDFIRE 
Prototype team served as the building blocks used to 
construct all LANDFIRE Prototype maps and models. 
It was essential that the design of the classification 
match the detail provided by the 1) imagery used to map 
existing conditions, 2) empirical models used to assign 
attributes to vegetation categories, and 3) simulation 
models used to determine historical conditions (Long 
and others, Ch. 6; Zhu and others, Ch. 8; Pratt and others, 
Ch. 10). For LANDFIRE, we specified that classifica-
tion categories must meet four criteria to warrant their 
mapping. First, the classification categories had to be 
identifiable on the ground and in the LFRDB, mean-
ing that we had to be able to construct a key that would 
uniquely identify the classes from commonly sampled 
vegetation characteristics, especially those present in the 
reference database. Moreover, field crews needed to be 
able to use the LANDFIRE key to accurately identify 
the vegetation classification type on the ground. Second, 
the classifications had to be scalable; similar categories 
needed to have the ability to “collapse” to form a coarser 
classification, or the ability to expand so that additional, 
finer-scale categories could be added with little effort. 
Third, map categories had to be mappable, meaning 
that the methods used to map entities had to be able to 
detect this classification category. For example, we did 
not map upland willow shrubland types if the Landsat 
imagery (EOSAT 1992; http://landsat.gsfc.nasa.gov/) 
could not distinguish them from other shrubland types. 
Lastly, the vegetation categories needed to be consistent 
in scale and detail with the simulation model entities 
used to estimate historical conditions (model-able). 
Categories that included both shade-tolerant and shade-
intolerant tree species, for example, were not included 
in the classification because they could not be used to 
simulate seral states in models of vegetation succession 
(Long and others, Ch. 6; Long and others, Ch. 9).

 Methods must stress those ecosystem processes 
that govern mapped entities — LANDFIRE National 
ultimately depends on a set of core data layers that are 
consistent and comprehensive across the entire nation. 
We employed these layers as the raw material to con-
struct other data layers used to create the LANDFIRE 
mapping products. It was especially important that these 
core layers represent those fundamental biophysical 
processes that govern vegetation, fuel, and fire dynam-
ics. In addition, we wanted to incorporate all possible 
existing national 30-meter scale layers into the LAND-
FIRE Project to ensure that our GIS library had the 
latest mapping technology; however, upon researching 
the availability, extent, and quality of possible core data 
layers, we found very few that had national coverage 
and fine-scale resolution (30-meter). The only two sets 
of nationally consistent data layers that fit LANDFIRE’s 
needs were the USGS National Elevation Database (ned.
usgs.gov/), which served as the LANDFIRE Digital 
Elevation Model (DEM), and the extensive catalog of 
Landsat data from the USGS Multi-Resolution Land 
Characteristics (MRLC) 2001 project (landcover.usgs.
gov/index.asp).
 Given the lack of comprehensive, nation-wide GIS 
data layers, we decided to create our own set of base 
layers, called the biophysical gradient layers, because 
we wanted these layers to be consistent in design, extent, 
and detail so that we could use them in complex analy-
ses and minimize error resulting from independent and 
sometimes incompatible sources. Creating our own layers 
also allowed us the opportunity to build a GIS library 
of consistent data layers describing those fundamental 
processes that govern vegetation, fuel, and fire dynam-
ics. The LANDFIRE Prototype’s core layers were data 
we obtained from elsewhere and the base layers were 
those we built to describe basic ecosystem processes.
 The biophysical gradient layers were developed using 
a process-based approach that emphasized the creation 
of layers describing the fundamental biophysical drivers 
influencing the vegetation, fuel, and fire characteristics 
that we were to map. Having previously used this ap-
proach to map vegetation and fuel characteristics on the 
Kootenai National Forest, we found that it increased 
map accuracies from 10 to 30 percent (Keane and others 
2002a; Rollins and others 2004). In this approach, we 
used spatially explicit biophysical gradients to augment 
the mapping of vegetation and fuel composition and 
structure. Incorporating these gradients in our mapping 
process allowed for increased discrimination between 
mapped categories because the gradients represent 
the causal mechanisms that physically determine the 
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 distribution of vegetation and fuel across landscapes. 
For example, average annual soil water availability 
is often a better indicator of growing conditions than 
average annual precipitation, especially for fine-scale 
applications.
 Several databases were needed to build this biophysical 
gradient base layer library. First, we needed the DEM 
(ned.usgs.gov/) to represent topography across the 
nation. Next, we needed a daily weather database for 
the entire nation with a temporally deep record. The 
DAYMET national weather database (www.daymet.
org) was selected because of its national coverage at 
1-km2 resolution and 18-year daily resolution weather 
record (Running and Thornton 1996; Thornton and oth-
ers 1997; Thornton and White 1996). The STATSGO 
layer was used to represent soil because of its national 
scope; however, because it was developed at very coarse 
scales, we performed several procedures to compile the 
layers for LANDFIRE analyses (Holsinger and others, 
Ch. 11). Lastly, we needed a set of simulation models 
that could take the DEM, DAYMET weather data, and 
STATSGO information and produce mechanistic maps 
that best discriminate vegetation dynamics. We used the 
LANDFIRE Biogeochemical Cycles (LFBGC) model 
(Thornton and others 2002; Thornton and White 1996; 
White and others 2000) to simulate ecosystem processes, 
the WXFIRE model to simulate weather and climatic 
processes (Keane and Holsinger 2006), and a landscape 
succession model called LANDSUMv4 to generate his-
torical chronosequences (Keane and others 2006; Pratt 
and others, Ch.10; Keane and others 2002b). We found 
no other existing layers that met our design criteria and 
development guidelines.
 The primary development tool should be simula-
tion modeling — The use of simulation modeling as 
the primary development tool was an important guiding 
principle in LANDFIRE because it was used to create 
the biophysical layers, as previously discussed, and also 
to quantify historical landscape conditions. Simulation 
modeling provides a comprehensive and consistent 
method to create fine-scale data layers across large 
domains such as the conterminous U.S. The LFBGC 
and WXFIRE models were used to map basic ecosys-
tem processes. In addition, we used a spatial model 
that simulates fire and vegetation dynamics to generate 
chronosequences of historical landscape conditions. The 
LANDSUMv4 model, recreates historical landscapes 
using fire and succession parameters quantified from 
the LFRDB (Keane and others 2002b; Keane and others 
2006; Pratt and others, Ch. 10).

 The timespan for historical reference conditions 
would be 1600 AD to 1900 AD — Determining the 
benchmark years within which to frame the historical 
reference conditions posed a special challenge. The 
calculation of FRCC requires that current conditions be 
compared with historical reference conditions, yet these 
historical conditions differ according to the time span 
used to demarcate the historical temporal reference. The 
reference time span needed to be long enough to contain 
ample variation in fire and vegetation dynamics but short 
enough to ensure that the span is fully documented with 
field data and historical observations. We determined 
recent history to be a better reference for current condi-
tions because climate, soil, and vegetation distributions 
are roughly similar and because recent history is the 
only era that contains field data of the resolution useful 
in LANDFIRE. We selected the year 1900 A.D. as the 
end of the historical period because it best represents 
the start of significant Euro-American influences on 
western U.S. landscape characteristics (Keane and others 
2002c). The year 1900 marks the approximate start of 
the industrial revolution, the settlement of the West, the 
fire exclusion era, and active land management (Baron 
2002). We used the findings of fire history studies to 
guide our determination of the start of the historical 
period, and we found most studies had recorded fires 
dating back to at least 1600 A.D., although some went 
back much further (Heyerdahl and others 1995; www.
ngdc.noaa.gov/paleo/impd). This date of 1600 seemed 
the best compromise for all ecosystems and fire history 
findings. We concluded that this span of years best rep-
resented the historical reference conditions for use in 
managing today’s landscapes. The historical reference 
years may need to be revisited when mapping the eastern 
portion of the U.S.

LANDFIRE Prototype Design ______

General Description
 This chapter summarizes the scientific foundation 
underlying all phases of the LANDFIRE Prototype 
Project, and other chapters in this report detail each 
individual phase. A complete description of the pro-
cedures for creating the entire suite of LANDFIRE 
Prototype products is given in Rollins and others, Ch. 
2. This chapter focuses on the concepts that were used 
to create the LANDFIRE products, rather than detail 
actual methods or processes.
 The general flow of logic, product development, and 
analysis for the LANDFIRE Prototype can be followed 
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in figure 1, and it illustrates the organization of the con-
tent in the following sections. In short, the computation 
of FRCC requires a comparison of current conditions 
to historical conditions. In the LANDFIRE Prototype 
Project, current conditions are described using maps 
of vegetation composition (cover types) and structure 
(structural stages) derived from a supervised classifica-
tion of Landsat imagery and using continuous maps of 
biophysical gradients and Landsat imagery (fig. 1; Zhu 
and others, Ch. 8; Holsinger and others, Ch. 11). Veg-
etation composition and structure were described using 
cover type and structural stage classifications developed 
specifically for LANDFIRE. The biophysical gradient 
layers were created from two ecosystem simulation 
models that compute variables describing fundamental 
physical processes that govern vegetation dynamics 
(Holsinger and others, Ch. 5). These models used the 
DAYMET national weather database that, as mentioned 
above, has a 1-km2 spatial resolution and daily temporal 
resolution spanning 18 years. Biophysical gradient layers 
created from these models were also used to construct a 
data layer describing potential vegetation types (PVTs) 
that was then used to aid in vegetation mapping and also 
used as an input layer for simulating historical reference 
conditions.
 Historical reference conditions were simulated using 
LANDSUMv4, a spatially explicit landscape fire suc-
cession model that simulates vegetation development 
using deterministic succession pathways by potential 
vegetation type (PVT; described below) and simulates 
fire using a pixel-to-pixel cell percolation or spread ap-
proach (Keane and others 2001; Pratt and others, Ch. 10). 
This simulated, spatially explicit cover type/structural 
stage time series was compared with imagery-derived 
cover type/structural stage data layers describing current 
conditions using a GIS program that computes departure 
and ultimately FRCC (fig. 1) (Holsinger and others, 
Ch. 11). We also created a statistical program called 
the Historical Range and Variation Statistical Analysis 
Program (HRVStat; Steele and others, in preparation) 
that computes another index of departure with a cor-
responding measure of statistical significance. This 
departure index can be collapsed into the three classes 
to define FRCC.
 Several secondary data layers – considered second-
ary because they were not used to compute the primary 
LANDFIRE product of FRCC – were developed us-
ing the intermediate layers created during this FRCC 
mapping process to aid fire management in planning 
and implementing ecosystem restoration and design-
ing fuel treatments. We developed a new set of surface 

fire behavior fuel models specifically for LANDFIRE 
to distinguish subtle differences in fuelbeds resulting 
from fuel treatments (Scott and Burgan 2005). These 
represented a significant improvement over the original 
thirteen fire behavior fuel models of Anderson’s (1982). 
Maps of these fuel models were created from the cover 
type, structural stage, and PVT maps (Keane and others, 
Ch. 12). The canopy fuel characteristics of bulk density 
and canopy base height were mapped using statistical 
landscape modeling (specifically, regression trees) us-
ing the biophysical layers, whereas canopy height and 
canopy closure maps were created using Landsat imagery 
(Quinlan 1993; Zhu and others, Ch. 8; Keane and others, 
Ch. 12). We also mapped fuel models representing actual 
estimations of loading (live and dead biomass per unit 
area) by fuel category for fire effects simulations using 
complex statistical modeling using the biophysical 
layers. Two classifications of fire effects fuel models 
were used: the Fuel Characterization Class System 
(FCCS; Cushon and others 2003; Sandberg and others 
2001) and the Fuel Loading Models (FLMs) created 
by Lutes and others (in preparation). The FLMs were 
not yet developed at the conclusion of the prototype 
mapping effort but will be available for the national 
LANDFIRE implementation.

Creating the LANDFIRE Reference 
Database
 As previously mentioned, we based all products in 
the LANDFIRE Prototype on an extensive, plot-level 
database called the LANDFIRE reference database 
(LFRDB) (fig. 1) (Caratti, Ch. 4). This ensured that each 
data layer could be recreated and revised, an especially 
important feature when additional data become available 
in the future. This data compilation process provided a 
source for accuracy assessment, and the reference plot 
data could be used to scale LANDFIRE products to 
finer scales by facilitating the development of additional, 
more detailed classifications of cover types, structural 
stages, and fuel models. Every product generated by 
LANDFIRE was developed from this legacy field data 
collected by diverse resource professionals and screened 
for quality and consistency.
 The creation of the LFRDB was the most expensive 
task in LANDFIRE, but once created, the database 
became the foundation of nearly every task in the pro-
totype effort. We used the database for many purposes, 
including:
 •	 developing training sites for imagery classification;
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 •	 parameterizing, validating, and testing simulation 
models;

 •	 developing vegetation classifications;
 •	 creating empirical models;
 •	 determining data layer attributes;
 •	 describing mapped categories; and
 •	 assessing accuracy of maps, models, and 

 classifications.

 The LANDFIRE reference database was actually 
composed of data from two separate sources: Forest 
Inventory and Analysis (FIA) and legacy ecological 
data. Through its Forest Service programs, the FIA has 
been collecting valuable tree data on fixed and variable 
radius plots for several decades and provided access to 
these valuable data for LANDFIRE tasks. The legacy 
data source was created by locating all possible geore-
ferenced ecological data collected for any purpose and 
by any organization and then reformatting the data into 
LANDFIRE database structure (Caratti, Ch. 4).

Mapping Current Vegetation Composition 
and Structure
 The creation of a national 30-m map of existing veg-
etation composition and structure presented substantial 
challenges. We quickly recognized that there were neither 
enough expertise nor computer resources to create these 
maps at MFSL. The EROS team had been collaborating 
with scientists at MFSL since 1980, researching fire-ori-
ented remote sensing such as the development of national 
fuel and fire danger digital maps (Burgan 1984; Burgan 
and others 1998). Because the remote sensing scientists 
at EROS are internationally renowned, we asked them 
to collaborate, with the specific task of creating the cur-
rent vegetation maps. We agreed that the MFSL team 
would develop all the fire, fuel, and biophysical layers, 
whereas the EROS team would develop the vegetation 
maps describing current or existing conditions. These 
vegetation layers were compared to historical reference 
conditions to determine FRCC. However, before any area 
was mapped, historical or current, a comprehensive and 
consistent vegetation classification was needed to define 
the map elements that describe vegetation composition 
and structure.
 Developing vegetation classifications — The first 
and most important step in this collaborative effort 
was to develop classifications for vegetation composi-
tion and structure. In our previous attempts at large, 
regional classifications (Keane and others 1996a; Keane 
and others 1996b; Hann and others 1997; Schmidt and 
others 2002), we found that, for several reasons, it was 

difficult to use existing vegetation classifications to 
map vegetation across large areas. The most significant 
problem lay in the fact that existing classifications rarely 
match the resolution and detail of the entities that can 
be mapped using Landsat imagery. For example, some 
rangeland classifications stratify cover types by sage-
brush species, but EROS scientists found it difficult 
to differentiate between these types using the Landsat 
imagery. Second, most existing classifications are lim-
ited to particular ecosystems or geographic areas. The 
Society of American Foresters’ (SAF) classification 
of forest types (Eyre 1980) does not include types for 
rangeland species, for example. Further, most existing 
national vegetation classifications were developed for 
description rather than for mapping; the one exception 
is the National Vegetation Classification System (NVCS) 
(Anderson and others 1998; Grossman and others 1998); 
however, we found that this classification was difficult 
to scale to the detail required by LANDFIRE, and it 
was difficult to key plots from the LFRDB to the NVCS 
types.
 We decided to create our own vegetation classifica-
tion process using a top-down approach in which our 
categories were designed to be:
 •	 important to management. The classification cat-

egories had to be useful to land management for 
mid-scale analyses.

 •	 conducive to modeling. The categories needed to ad-
equately represent stages of vegetation development 
to be compatible with our modeling approach.

 •	 distinguishable from satellite imagery. The cat-
egories needed to represent cover types that can 
be easily detected with remotely sensed data.

 •	 identifiable using plot data. The classification must 
have a key that will uniquely identify each category 
from data in the LFRDB (see LANDFIRE guide-
lines above).

 Rather than construct or use a system that classified 
all vegetation types within the conterminous U.S., we 
decided to first identify those vegetation types that we 
could successfully distinguish through satellite imagery 
and identify in the reference database. We developed 
classification categories for forests and rangelands based 
on a blend of many national efforts (Holdridge 1947; 
Kuchler 1975; Eyre 1980; Loveland and others 1991; 
Running and others 1994; Shiflet 1994; Bailey 1995; 
Grossman and others 1998) and synthesized lists of cat-
egories within the context of the two prototype mapping 
zones. We based the vegetation composition on dominant 
plant cover and called the classification categories cover 



5� USDA Forest Service Gen. Tech. Rep. RMRS-GTR-�75. 2006

Chapter	3—The	Scientific	Foundation	of	the	LANDFIRE	Prototype	Project

types. We then used the cover type categories to name 
the potential vegetation types (discussed below); there-
fore, these categories needed to discriminate between 
successional stages based on relative shade tolerance 
and ecological amplitude (Long and others, Ch. 9).
 We generated a list of cover types for the central Utah 
prototype area (Zone 16) by conducting a series of in-
formal workshops with ecologists and members of the 
LANDFIRE team (Long and others, Ch 6). First, we 
reviewed the national classifications and devised a list 
of possible categories, keeping in mind our mid-scale 
objective. We determined that the selected cover types 
had to meet the minimum area guideline for mid-scale 
mapping (occupying at least five percent of a mapping 
zone) as well as meet the above mentioned guideline 
that “all themes must be identifiable, scalable, map-
pable, and model-able.” We then created a set of keys 
to identify the cover type of each plot in the LFRDB 
based on the predominance of plant cover by species. 
Next, we inspected the plot distribution by cover type 
and merged or deleted cover types that were represented 
by less than 50 plots. We also modified the key to reduce 
the number of plots that were unclassified and misclas-
sified (Caratti and others, Ch. 4). Categories were also 
eliminated or merged to distribute plots evenly across 
all classification categories.
 We then submitted this preliminary list of cover types 
and the keyed reference database plots to the EROS team 
for evaluation. They assessed whether the imagery could 
successfully distinguish between cover type categories 
and sent suggestions and a modified list back to MFSL 
to evaluate whether the suggestions and modified list fit 
within the modeling framework. This process continued 
until we mutually agreed upon on a final cover type list 
for the prototype areas. We then cross-referenced the 
LANDFIRE vegetation classification with all other na-
tional classifications to provide linkages to other mapping 
efforts (Long and others, Ch. 6). In the end, we were 
satisfied that the final list represented those types that 
we could successfully identify, scale, map, and model 
using the reference database and Landsat imagery.
 For the northern Rockies prototype area (Zone 19), 
we decided to use a bottom-up approach in which we 
aggregated classes in the NVCS using the classification’s 
inherent hierarchy. We based the final level of aggrega-
tion on the above mentioned guideline that “all themes 
must be identifiable, scalable, mappable, and model-able.” 
We sent this aggregated list to the EROS scientists for 
their review, and both teams mutually agreed upon a 
final set of cover types (Long and others, Ch. 6). Both 
approaches (top-down and bottom-up) have advantages 

and disadvantages, and the choice for the national effort 
will depend on the ability of NVCS to meet the needs 
of the LANDFIRE Project.
 The structural stage classification proved easier to 
develop because it contained far less detail than the 
cover type classifications (Long and others, Ch. 6). After 
much discussion with the scientists at EROS, we were 
convinced that there was little chance of successfully 
using commonly accepted structural stage classifications 
because Landsat imagery has difficulty detecting subtle 
changes in forest strata (see Lavigne 1992, O’Hara and 
others 1996a, O’Hara and others 1996b, Oliver and 
Larson 1990, and Pfister 1981 for examples of structural 
stage classifications). We therefore decided to base our 
structural stage classification on two structural compo-
nents that the EROS team had some success in mapping: 
canopy cover and canopy height. These two attributes 
are mapped using a statistical modeling approach in 
which cover and height are regressed against Landsat 
imagery spectral values and other ancillary data layers 
(Zhu and others, Ch 8). We constructed a four-category 
forest structure classification with two categories of 
height (short and tall) and two categories of cover (low 
and high), and the thresholds delineating categories were 
based on cover type (Long and others, Ch. 6). We used 
a similar approach for shrublands and grasslands. We 
then constructed mock succession pathways using these 
structure categories and found that they were consistent 
with our modeling approach for creating the historical 
reference time series.
 Describing biophysical settings — Many studies have 
shown that augmenting a satellite imagery classification 
with a quantitative description of the biophysical envi-
ronment (temperature, elevation, and precipitation, for 
example) improves the mapping of ecological charac-
teristics such as vegetation and fuel (Keane and others 
2002a; Rollins and others 2004). Moreover, our landscape 
modeling approach for quantifying historical reference 
conditions was predicated on the assumption that the 
landscape is stratified into settings that represent broad 
environmental categories and that these categories also 
represent similar succession and disturbance responses, 
such as plant associations and habitat types. We needed 
to invent a classification of biophysical settings that would 
be useful to both the mapping and modeling efforts, and 
this biophysical classification must also be useful for 
scaling LANDFIRE products to finer scales for local 
land management applications. In addition, a biophysi-
cal classification was needed for simulation of historical 
vegetation reference conditions. This classification had to 
correlate with the potential vegetation types that would 
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eventually inhabit the area in the absence of disturbance 
because this is the premise for simulating succession 
in LANDSUMv4. Most importantly, each plot in our 
LFRDB needed to be keyed to a specific biophysical 
setting category. This last criterion ultimately guided 
the biophysical classification.
 We wanted the biophysical settings classification to be 
based on fundamental, process-oriented environmental 
gradients. Austin and Smith (1989) define these as direct 
gradients and resource gradients. Direct gradients, such 
as temperature and humidity, have a direct physiologi-
cal impact on vegetation, but these gradients are not 
consumed by vegetation. On the other hand, the energy 
and matter used or consumed by plants, such as light, 
water, and nutrients, define resource gradients. Direct and 
resource gradients are important for mapping vegetation 
and ecosystem characteristics because they can funda-
mentally define the potential species’ niches. Indirect 
gradients, such as slope, aspect, and elevation, have no 
direct physiological influence on plant dynamics, yet we 
included them in the biophysical mapping effort because 
they can be proxies for other unknown or immeasurable 
gradients. Of course, these biophysical gradients needed 
to be spatially explicit, and this requirement involved 
identifying and creating a suite of environmental spatial 
data layers that describe major climate and ecosystem 
variables, such as temperature and evapotranspiration, 
that might be useful for mapping and modeling. The 
layers that represent major biophysical gradients are 
used for a variety of tasks in LANDFIRE including 1) 
the creation of the potential vegetation type layer used 
by the LANDSUMv4 model (Frescino and others, Ch. 
7) and in fuel mapping (Keane and others, Ch. 12), 2) 
the mapping of existing vegetation composition and 
structure (Zhu and others, Ch. 8), and 3) the statistical 
mapping of canopy fuel and fuel models (Frescino and 
others, Ch. 7).
 As mentioned above, we found very few existing, na-
tionally consistent data layers that met the LANDFIRE 
design criteria. The few biophysical data layers that 
have a national extent often have pixel sizes of 1 km or 
greater (Hargrove and Luxmore 1998). Finer resolution 
data were available but highly localized and variable in 
quality and consistency. It was evident that there were 
not enough independently developed, 30-meter national 
gradient databases to create the set of biophysical layers 
required by LANDFIRE. We then turned to simulation 
modeling as the primary tool for creating a comprehen-
sive and consistent set of useful biophysical gradient 
layers.

 In the mid 1990s, we created a prototype system 
called Landscape Ecosystem Inventory System (LEIS) 
that used data from local weather stations with various 
input data layers to simulate and summarize a wide 
variety of climate and ecosystem processes (Keane 
and others 1997a; Keane and others 2002a; Rollins and 
others 2004). This system used a collection of software, 
including the mechanistic ecosystem process model 
Biome-BGC (Running and Coughlan 1988; Running 
and Gower 1991; Thornton and White 1996; White and 
others 2000), to create biophysical layers that were then 
used to map fuel and vegetation. The addition of bio-
physical layers to predict ecosystem attributes increased 
mapping accuracies by over 20 percent. Although the 
accuracy of the estimates of the actual values of the 
biophysical variables was sometimes low, the preci-
sion was high because relative differences between the 
variables across landscapes were spatially consistent. 
This spatial representation of the relative differences 
was highly important because the biophysical gradients 
were used as spatial predictors in the mapping process, 
rather than an accurate portrayal of the actual values 
of the biophysical variables. However, the LEIS system 
was built for regional – not national – applications, so 
we needed to modify several pieces of software to meet 
LANDFIRE needs.
 We redesigned two of the major programs in LEIS 
to access the 1-km national DAYMET weather data-
base built by Thornton and others (1997) so that the 
simulated environmental gradient data layers would be 
nationally consistent and comprehensive. For LAND-
FIRE purposes, we modified the WXGMRS program 
in LEIS to create the WXFIRE program and modified 
the Biome-BGC model to create the LFBGC model 
(fig. 1). The WXFIRE program scales the DAYMET 
weather data to 30 meters using physical principles 
and then summarizes weather into climate descriptors 
over the 18-year record (for complete documentation, 
see Keane and Holsinger 2006). It also simulates some 
ecosystem processes, such as soil water fraction and 
evapotranspiration, and computes annual summaries. 
The LFBGC program simulates ecosystem processes to 
compute carbon, water, and nitrogen fluxes over time, 
and then outputs summaries of these fluxes for the 18-
year DAYMET daily record (Running and Coughlan 
1988; Thornton 1998). These two programs (WXFIRE 
and LF-BGC) provided us with the ability to create 
consistent and comprehensive spatial data layers for 
LANDFIRE mapping and modeling tasks, especially 
regarding the biophysical settings.
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 We encountered several issues when designing a system 
for classifying biophysical settings. Our first approach 
was to stratify landscapes into biophysical units based 
on simulated weather, climate, and ecosystem process 
variables (outputs from WXFIRE and LFBGC) using 
an unsupervised approach (Hargrove and Luxmore 
1998; Hessburg and others 1999; Hessburg and oth-
ers 2000). This stratification involved creating a suite 
of environmental gradient spatial data layers, such as 
temperature and evapotranspiration, using the WXFIRE 
and LF-BGC software. We performed an unsupervised 
clustering classification on every pixel in the biophysical 
layers for the prototype mapping zones and mapped the 
resultant clusters as unique biophysical settings. This 
approach created a landscape stratified by categories of 
similar biophysical conditions. That is, this map had the 
advantage of dividing the landscape into areas that reflect 
unique climate, soil, and topographic conditions
 We found the results from the unsupervised biophysical 
classification somewhat disappointing because we could 
not find significant correlations between the biophysical 
clusters and a vegetation-based classification, as required 
for the LANDSUMv4 succession modeling effort to 
produce simulated historical conditions. We found the 
connection between the unsupervised clusters of similar 
environmental conditions and the vegetation that these 
biophysical characteristics support was either missing 
or highly variable when we correlated with the field data 
from the reference database to potential vegetation clas-
sification categories (for example, contingency statistics 
between biophysical clusters and LANDFIRE potential 
vegetation type classifications were low and variable). 
These results were frustrating as we had planned to use 
the unsupervised biophysical settings layer to scale the 
LANDFIRE vegetation maps and models to local ap-
plications. For example, a new, more detailed potential 
vegetation type map could be created from the biophysical 
setting clusters by reassigning the plots in the LFRDB 
a new potential vegetation type category using a more 
complex and detailed key. These results caused us to 
switch from an unsupervised to a supervised approach 
for mapping biophysical settings.
 The supervised approach required that we develop 
complex statistical models directly from the field data 
and then implement these models in space using the 
simulated environmental gradient layers (Fresino and 
Rollins, Ch. 7). The plot data in the LFRDB had to be 
keyed to a biophysical classification that is useful for 
both the LANDFIRE mapping and modeling efforts. 
We reviewed a number of biophysical classifications, 
such as terrain models, habitat types, plant associations, 

and fire groups, but found few existing classifications 
that had complete coverage across the conterminous 
U.S. (Pfister 1980; Pfister 1989). Moreover, very few 
of the plots in the LFRDB could be keyed to existing 
biophysical categories, which would facilitate national 
implementation. The biophysical settings classification 
needed to be keyed from consistently collected plot data 
attributes to satisfy the design criteria that LANDFIRE 
be based on the best available science, be repeatable, 
and be objective.

 Creating the potential vegetation type classifica-
tion — We decided to develop our own biophysical 
classification based on the potential vegetation approach 
used in habitat type classifications (Pfister 1989; Pfister 
and Arno 1980; Pfister and others 1977) and other site 
classifications based on climax vegetation (Daubenmire 
1962, 1966; Ferguson and others 1989). In concept, the 
PVT approach assumes that the climax vegetation that 
would eventually develop on a stand in the absence of 
disturbance and this climax community can be used 
to uniquely identify environmental conditions and can 
therefore provide the foundation for a biophysical clas-
sification. This approach has a long history in vegetation 
mapping, and potential vegetation type classifications 
have been developed for most of the forests of the 
western U.S. (Ferguson and others 1989; Pfister 1981; 
Pfister and Arno 1980). The approach has had limited 
success in non-forested environments because extensive 
disturbance histories in rangelands has eliminated many 
climax indicator species; yet overall, this approach was 
fitting for LANDFIRE because it provided a vegeta-
tion-based classification of potential plant communities 
needed for simulation modeling.
 We modified this approach extensively to match the 
scale and limitations of the LFRDB and mapping ef-
forts. First, we assumed that the potential vegetation for 
forested ecosystems could be keyed from plot data based 
on the shade tolerance of tree species according to the 
hypothesis that the tree species with the highest shade 
tolerance will, without disturbance, eventually become 
dominant on a given plot. Following Daubenmire’s theory 
(1966), the tree species with the highest shade tolerance 
will have a high fidelity to unique biophysical settings. 
The potential natural vegetation (PNV) approach to 
classifying vegetation integrates disturbance into suc-
cession dynamics as classification criteria and, as such, 
was not useful for the LANDFIRE effort because it was 
incompatible with the LANDSUMv4 modeling structure. 
We made no inference that the shade-tolerant species 
will become the climax species since the term climax 
has many limitations and is often misconstrued. Climax 
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is often associated with plant communities rather than 
species, and many ecologists have noted that climax 
vegetation is an unrealistic endpoint since climate, 
genetics, and exotic migrations, among other factors, 
are in constant flux and thus making a stable climax 
community impossible (Hironaka 1987; Huschle and 
Hironaka 1980). For this reason, we do not assume that 
the shade-tolerant species will become climax; rather, 
we believe that the most shade-tolerant species is an 
indicator of distinctive environmental conditions.
 For lack of a better term, we named our biophysical 
classification after PVTs, assuming that these shade-
tolerant species best indicate potential vegetation under 
the current climate regime, not an ultimate climax 
community (fig. 1). This PVT approach facilitates the 
mapping of unique biophysical settings and also allows 
these settings to be directly linked to the succession 
pathways that we use in our simulation modeling to 
determine historical reference conditions. A common 
misconception is that the PVT classification is a vegeta-
tion classification; however, the PVT classification is a 
biophysical classification that uses plant species’ names 
as category names because the most shade-tolerant spe-
cies are indicators of site conditions. This classification 
was useful because, in the LANDSUMv4 succession 
pathway protocols, the PVT classification categories had 
to match the existing cover type classification categories. 
For example, the Douglas-fir cover type category is keyed 
based on the dominance of Douglas-fir (Caratti, Ch. 4), 
but the Douglas-fir PVT is keyed from the presence of 
Douglas-fir on the plot. This is somewhat confusing 
for the user but is absolutely critical for LANDFIRE 
integration.
 Each forested plot in the reference database was assigned 
a PVT based on the coverage or tree density data collected 
for that plot. We sorted all tree species present on a plot 
by shade tolerance using information in the literature 
(Burns and Honkala 1990; Fowells 1965; Minore 1979). 
We then identified the most shade-tolerant species on 
the plot that exceeded a designated abundance threshold 
(Caratti, Ch. 4) and matched this species with the associ-
ated cover type category used in the mapping of existing 
vegetation (Long and others, Ch. 6). For example, a plot 
having 50 percent canopy cover of ponderosa pine and 5 
percent cover of Douglas-fir would have an existing cover 
type category of ponderosa pine but a PVT category of 
Douglas-fir. The matching of PVT and existing vegetation 
legends ensured logical combinations between maps and 
a consistent linkage for the development of the LAND-
SUMv4 modeling pathways used in simulating historical 
reference conditions.

 As mentioned above, the rangeland ecosystems pre-
sented a special problem in the PVT determination since 
late successional species are rarely observed because of 
high frequency of disturbance such as grazing and fire 
(Bunting 1994; Sieg 1997; Westoby 1980). We therefore 
arranged the rangeland cover type categories along a 
moisture gradient from xeric to mesic communities, 
and this arrangement was used as the key criterion for 
classifying plots in the reference database (Long and 
others, Ch. 6). Presence, rather than dominance, however, 
was used to determine the rangeland PVTs in the key. 
There were some inconsistencies in this approach, so we 
used dominant species autecological characteristics to 
further refine the rangeland types (Long and others, Ch. 
6). Although this approach had a number of additional 
flaws, most importantly the inability to consistently 
model successional development, it proved to be the best 
considering the limited resources and data available.
 The mapping of PVT was performed by mapping 
zone, so it was important to ensure that PVTs were 
mapped consistently across zones (fig. 1). We did this 
by conducting a study that generated the set of WX-
FIRE and LF-BGC simulated biophysical variables for 
14 million 1-km pixels across the conterminous U.S. 
These pixel values were then used in complex clustering 
algorithms to create a national set of biophysical settings 
using a supervised approach (Hargrove and Luxmore 
1998; Hessburg and others 1998). The resulting cluster 
map was used to guide the mapping of PVTs using 
the assumption that similar clusters across mapping 
zones should identify similar PVTs. This coarse-scale 
biophysical settings map was not finished by the end 
of the LANDFIRE Prototype but will be available for 
national LANDFIRE implementation.
 Mapping existing cover type and structural stage 
with satellite imagery — Using all the classifications, 
digital map layers, and tools detailed above, we were 
able to map current vegetation conditions using the cover 
type and structural stage vegetation classifications. This 
complex task was performed by the EROS team using 
Landsat imagery (Zhu and others, Ch. 8; fig. 1). The 
team used the set of simulated biophysical data layers 
as covariates in the mapping process and also used 
landscape metrics and the PVT layer to guide cover 
type and structural stage mapping. Another aid that the 
EROS team found very useful was a summary from the 
LFRDB containing the distribution of plots across all 
cover type and structural stage categories, which was 
used to guide the selection of vegetation classes that 
were difficult to distinguish.
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 For the two prototype mapping zones, Landsat im-
ages were acquired on three different dates over the 
time period between 1999 and 2001 to capture several 
annual growth phases, such as growing season and 
dormant season, to maximize the ability to distinguish 
cover types. All images were corrected for terrain us-
ing NED, and the raw satellite digital numbers were 
converted to at-satellite reflectance for the six Landsat 
bands (Markham and Barker 1986). We used at-satellite 
reflectance-based coefficients to calculate values for 
tasseled-cap brightness, greenness, and wetness, which 
have been found useful for vegetation characterization
 In the LANDFIRE Prototype Project, we created 
maps of cover types using a training database developed 
from the LFRDB, satellite imagery from Landsat, the 
biophysical gradient layers, the PVT map (for limiting 
the types of vegetation that may exist in any area) and 
classification and regression tree (CART; Breiman and 
others 1984; Quinlan 1993) algorithms similar to those 
used to map PVT. We selected CART-based classifica-
tion methods for the following reasons. First, as a non-
parametric alternative for regression, CART is more 
appropriate for broad-scale mapping than parametric 
methods (such as maximum likelihood estimation or 
discriminant analysis). Second, CART-based models 
may be trained hundreds of times faster than some 
other non-parametric classifiers like neural networks or 
support vector machines. Yet, CART is comparable to 
and performs similarly with regard to accuracy to these 
methods (Franklin 2003; Rollins and others 2004). Third, 
the CART framework explicitly represents logics and 
rules that may be interpreted in and incorporated into 
expert systems for further analysis. Neural networks 
and support vector machines work like “black boxes,” 
with classification logics difficult to interpret or simply 
“invisible”. Lastly, CART has been successfully used 
recently for modeling and mapping vegetation at broad 
scales, including the MRLC 2001 project (Zhu and oth-
ers, Ch. 8).
 The EROS team mapped cover types using a hierar-
chical set of classification models, with the first model 
separating broader land cover types (such as life form) 
and subsequent models separating more detailed levels 
of the vegetation classification. The LFRDB, biophysi-
cal settings layers, and other ancillary data layers were 
incorporated to guide the classification.
 Regression trees in a CART framework and applied 
through a custom See5/ERDAS IMAGINE interface 
(ERDAS 2004; Quinlan 1993; Rulequest 1997) were 
used to map canopy closure and canopy height using 

spectral information from Landsat imagery and the 38 
biophysical gradient layers. Again, a training database 
was developed using the LFRDB. The resultant maps rep-
resented canopy closure and canopy height continuously 
across each prototype mapping zone. When compared 
to standard, parametric linear regression, regression 
trees developed using CART have the advantage of 
being able to approximate complex nonlinear relation-
ships (Quinlan 1993). The final structural stage layer 
was developed by assigning structural stage classes to 
combinations of PVT, cover type, and the continuous 
canopy closure and height class layers. Structural stage 
assignments were based on the classification described 
above (Long and others, Ch. 6).
 A major problem arose when the MFSL scientists 
received the vegetation maps from EROS. The cover 
type and structural stage maps did not match the PVT 
maps for approximately 20 percent of the pixels. For 
example, there were mesic cover types such as Grand 
Fir being mapped in xeric PVTs such as Douglas-fir, 
which is ecologically impossible under our PVT ap-
proach and inconsistent with the succession pathways 
used in the LANDSUMv4 modeling effort. These 
inconsistencies occurred because the EROS scientists 
felt confident that their mapping of cover type, based 
on a set of computed statistics, was correct, whereas 
they had low confidence in the PVT maps. Finally, both 
EROS and MFSL members agreed that we should create 
a map of confidence using indices from zero to one for 
the mapping of cover type, structural stage, and PVT. 
These indices were derived from our statistical mod-
eling and analysis results. Any pixel mapped to PVT 
or cover type with a confidence lower than 0.5 would 
be changed to the most appropriate category accord-
ing to a set of rules built from a statistical analysis of 
LFRDB. This iterative process eventually created a set 
of consistent vegetation maps useful in LANDSUMv4 
modeling and in the ultimate mapping of FRCC.
 Many additional layers were developed by the EROS 
team for specific uses in the LANDFIRE Prototype 
Project. As mentioned, the cover type, structural stage, 
and corresponding confidence layers were used to 
revise the PVT map and used in the computation of 
FRCC. The scientists at EROS also created maps of 
canopy height from regression analyses of Lidar data 
and Landsat imagery, as well as maps of canopy cover 
from the imagery and reference database information 
(Zhu and others, 8). These layers were used to map 
canopy fuel and are described in Keane and others, 
Ch. 12).
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Describing Historical Conditions
 The calculation of FRCC requires that current vegeta-
tion conditions be compared with the range and varia-
tion of conditions that existed during the historical era 
identified in the LANDFIRE guidelines (1600-1900 
A.D.) to calculate a departure statistic (Hann 2004). 
This historical range and variation (HRV) has several 
forms. Historical range and variation can refer to eco-
system characteristics such as landscape composition 
described by the cover type, the structural stage, or 
the fuel model. It can also refer to landscape structure 
characteristics such as pattern, patch distribution, and 
contagion. In the LANDFIRE Prototype, we used only 
landscape composition as described by the combination 
of PVT, cover type, and structural stage to describe HRV. 
Maps of PVT, cover type, and structural stage were used 
because the combination provided the finest resolution 
for describing landscape dynamics in LANDFIRE. We 
did not address any historical variation in landscape pat-
tern or patch dynamics because of time and computer 
resource limitations.
 The only way to quantify HRV over space and time 
is by developing a sequential set of data layers that 
spatially describe the vegetation conditions over many 
points in time. These sequential data layers are referred 
to as spatially explicit historical chronosequences. The 
challenge in the LANDFIRE Prototype was to find a 
set of existing maps of historical vegetation conditions 
that were directly comparable to the maps of current 
conditions created from Landsat imagery and biophysical 
gradients as part of the LANDFIRE Prototype. These 
historical reference layers needed to be consistent and 
comprehensive across the conterminous U.S. at a 30-
meter pixel resolution and created using the same map 
categories, resolution, and accuracy.
 We faced a major dilemna when it came to deciding 
which source to use for the representation of historical 
landscape composition. Temporally deep chronose-
quences that are spatially explicit across the entire nation 
are rare, and we found no historical spatial data that fit 
our design specifications. There were many fire history 
studies and some historical vegetation maps, but many 
ecosystems and geographic areas of the country were 
inconsistently sampled or not sampled at all (Heyerdahl 
and others 1995; Heyerdahl and others 2001). We found 
no national map sequences of historical vegetation. 
Most historical maps were highly localized to small 
geographic areas and limited to one point in time, usu-
ally circa 1900. It became clear that previously derived 
historical time series for the conterminous U.S. were 
not available for the computation of FRCC.

 Using landscape simulation modeling – This deficit 
left simulation modeling as the only tool for creating a 
spatial historical record that would be consistent with 
the other elements of the LANDFIRE Prototype. For 
the last decade, MSFL scientists have been developing 
spatially explicit landscape models that simulate fire and 
vegetation dynamics (Keane 2000; Keane and Finney 
2003; Keane and Hann 1998; Keane and Long 1997; 
Keane and others 1996b; Keane and others 2002b) and 
therefore have had a great deal of experience with these 
complex computer programs.
 Simulation provides several advantages for quantify-
ing HRV (Keane and Finney 2003; Keane and others 
2004a). Simulation models can generate temporally deep 
chronosequences that are limited only by the amount of 
computing resources available to run the model. These 
sequential data layers can be designed to be consistent with 
the data layers developed for describing current conditions 
(PVT, cover type, and structural stage), and they can be 
reported over long intervals so temporal autocorrelation 
is minimized. Modeling also allows the integration of 
spatially and temporally limited field data, which are 
mostly point data, into the simulation framework as pa-
rameterization or validation sources for the creation of 
spatially explicit predictions. For example, data from local 
fire history studies can be used to quantify fire frequency 
and severity parameters in the LANDSUMv4 simulation 
model. Moreover, spatial models can be designed so that 
disturbance and succession dynamics are consistently 
modeled across the entire simulation area. These same 
models can also be used to generate chronosequences for 
other applications such as climate change research or a 
national fire management policy.
 Simulation models also have their limitations. Most 
importantly, models are simplifications of reality, and 
it is easy to oversimplify model design such that the 
simulation results are meaningless. In addition, simula-
tion models are difficult to test and validate, especially 
spatially explicit landscape models, because of the scar-
city of field data that are appropriate in scale, accuracy, 
and detail for comparisons with model predictions. 
Complex simulation models also have difficulty comput-
ing accurate predictions because the varied algorithms 
implemented in models come from disparate sources and 
resolutions. The real strength of modeling is precision 
rather than accuracy because prediction errors tend to 
be the same across large spatial and temporal extents. 
Because mapping efforts such as LANDFIRE are more 
concerned with relative differences across large areas, 
we identified simulation modeling as an appropriate 
vehicle for generating the HRV spatial data layers.
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 The LANDSUMv4 model used in the LANDFIRE 
effort is in a class of models called landscape fire suc-
cession models (LFSMs) because they spatially simulate 
the complex processes of fire and vegetation succession 
across landscapes. We evaluated many LFSMs that were 
deemed appropriate for LANDFIRE implementation 
(Keane and others 2004a) and found most of them to be 
inadequate for various reasons, mainly because of the 
extensive input data required by most models. In addition, 
many complex LFSMs are difficult to parameterize and 
initialize because the suite of data layers required for 
these tasks are unavailable across the nation. Complex 
biogeochemical models for fire and vegetation dynam-
ics, such as the Fire-BGC model (Keane and others 
1996c), not only require extensive parameterization and 
initialization but also require vast amounts of computing 
resources to execute the program. When we identified 
the data sources available for parameterization and ini-
tialization (in essence, the LFRDB and map products) 
and evaluated the LFSMs in this context, we found 
that the LANDSUMv4 model best met the needs of 
the LANDFIRE Prototype (see Keane and others 1996b, 
Keane and others 1997c, and Keane and others 2002b for 
details).
 LANDSUMv4 is the fourth version of the LANDSUMv4 
model and was developed specifically for the LANDFIRE 
Prototype (Keane and others 2006) (fig. 1). It contains a 
deterministic simulation of vegetation dynamics in which 
successional communities are linked along multiple 
pathways of development that converge in an end-point 
community. Disturbances, except fire, are stochastically 
modeled at the stand level from probabilities specified by 
the user. Fire ignition is computed from fire frequency 
probabilities specified by PVT, cover type, and structural 
stage categories in model input files (Keane and others 
2001). Fire is then spread across the landscape based on 
simplistic slope and wind factors. LANDSUMv4 does 
not mechanistically simulate fire growth because of the 
lack of fuel inputs, daily weather records, and computing 
resources. The effects of fires are stochastically simulated 
based on the fire severity types as specified in the input 
files. Finally, LANDSUMv4 outputs the historical com-
position by PVT, cover type, and structural stage for areas 
called landscape reporting units. We selected the size of 
the reporting unit to be 900 meters by 900 meters so that 
it was compatible with the 30-meter pixel size of the base 
maps and approximated the resolution of the coarse-scale 
maps produced by Schmidt and others (2002).
 A significant LANDFIRE Prototype Project task involved 
estimating the succession and disturbance parameters 
needed to execute LANDSUMv4. Previous attempts at 

parameter quantification used the “Delphi” method in which 
local and regional experts (ecologists and land managers) 
collaborated through a series of workshops to build suc-
cession pathways and estimate pathway disturbance and 
development parameters using local knowledge rather than 
field data (Hann and others 1997). This approach proved 
productive because most of the experts were familiar with 
the literature and able to make realistic approximations. 
However, these workshops were difficult and expensive to 
stage, and the final results were often inconsistent between 
succession pathways and were incompatible with LAND-
FIRE modeling and mapping goals. For these reasons, we 
employed several vegetation, fire, and landscape ecologists 
to construct and parameterize the LANDSUMv4 succession 
pathways so that the entire modeling effort was consistent 
and comprehensive. Each ecologist constructed and param-
eterized succession pathways and disturbance parameters 
for an assigned a set of PVTs (see Keane and others 2006 
for details on succession and disturbance parameters). 
These professionals used information from the literature, 
the LFRDB, and local area knowledge to perform this task 
and thoroughly documented their work (Long and others, 
Ch. 9).
 An important end product of the LANDSUMv4 simu-
lations was the creation of a set of four fire regime maps 
(fig. 1; Keane and others 2003; Keane and others 2004b). 
The fire frequency map details the number of fires over 
the entire landscape, whereas the three fire severity maps 
represent the probabilities of stand-replacing fires, mixed 
severity fires, and non-lethal surface fires, respectively. 
These maps provide a useful reference for locating those 
areas that tend to experience frequent fire so that fuel treat-
ments can be located and scheduled. They also represent 
an important scaling tool for fire management in that they 
can be used to plan the frequency and severity of proposed 
burn treatments.
 Calculating FRCC — The computation of FRCC from 
the comparison current conditions to historical reference 
conditions presented a unique set of challenges. In the 
LANDFIRE Prototype Project, we coded the field methods 
of Hann (2004) into a GIS program that uses the LAND-
SUMv4 simulated historical chronosequences to determine 
the range of landscape conditions and then compares this 
range to current conditions to compute an index of departure 
from historical conditions (fig. 1). This departure index 
ranges from zero to 100 in which an index of 100 repre-
sents the current landscape as being totally departed from 
simulated historical conditions. FRCC is then computed by 
grouping the index into classes (see Holsinger and others, Ch. 
11). FRCC was computed for divisions of the LANDFIRE 
mapping zones called landscape reporting units. These 
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900-meter by 900-meter landscape delineations served as 
the smallest units for evaluating departure (Holsinger and 
others, Ch. 11). Hann’s (2004) methodology is the only ap-
proach officially accepted by FAM for computing FRCC 
and so, to be consistent with FAM’s protocol, the final 
FRCC map created by the LANDFIRE Prototype Project 
used these methods. However, because of the many limita-
tions to Hann’s approach, we determined that a complete 
exploration of the computation of departure from historical 
conditions was warranted to ensure a scientifically credible 
protocol.
 The idea that historical ecological data can be used as a 
reference to inform land management’s decisions regarding 
today’s landscapes is somewhat new and has only recently 
been put into practice (Hessburg and others 1999; Keane 
and others 2002b; Landres and others 1999; Reed and oth-
ers 1998; Swetnam and others 1999). Although the theory 
is sound and well-founded, its implementation in land 
management is still in its infancy. There are few standard-
ized methods and protocols for quantitatively comparing 
historical reference conditions with current conditions and 
evaluating their differences. Standard parametric statistics 
are not always appropriate for historical time series since 
the chronosequences are autocorrelated in time and in 
space. Also, HRV has to be evaluated across all elements 
or mapping entities that comprise the landscape; in LAND-
FIRE, the elements evaluated over time are cover type and 
structural stage combinations by PVT. These combinations 
are correlated to each other because a decrease in the area 
of one combination will result in increases in the areas of 
other combinations on the simulation landscape. In addi-
tion, these combinations are correlated in space because 
simulated fire spread will tend to burn contagious pixels. 
It is also difficult to ascertain the thresholds of departure 
that determine whether human intervention via fuel treat-
ments is warranted. We therefore explored an entirely new, 
alternative, statistically based method for comparing the 
simulated historical chronosequences with the imagery 
derived from existing conditions using indices of departure 
and a measure of statistical significance. In addition, these 
new methods could be compared with Hann’s (2004) FRCC 
field method for computing departure so that either or both 
methods could be improved at a later date.
 A set of complex statistical methods for computing de-
parture from historical conditions were developed by Steele 
and others (in preparation) specifically for the LANDFIRE 
Project (fig. 1). They created a statistical technique that is 
sensitive to the autocorrelation of simulated data over time, 
space, and vegetation categories. This technique computes 
an index of departure that varies from zero (no departure) 
to one (most departed). In addition, a measure of statistical 

significance is computed as a probability value (p-value), also 
varying from zero to one. Steele and others (in prepara-
tion) implemented this statistical technique in the HRVStat 
program that compares summaries of simulated historical 
chronosequences with current conditions by reporting unit 
within the mapping zone and outputs a departure value 
and a p-value for each landscape unit or strata. By design, 
Steele and others (in preparation) created this program 
to work with any historical chronosequence, not only 
simulated time series, so that local land management of-
fices can replace the simulated data with actual historical 
observations, if they exist. Moreover, this program can 
be used for reference sequences other than historical that 
are more germane to land management, such as climate 
change chronosequences’ effects on exotics.
 Another potentially fruitful area of HRV research exists 
in the determination of the size and shape of the reporting 
unit used as the context analysis landscape for calculating 
departure. The most perplexing problem we encountered 
while developing these protocols was deciding the size 
of the landscape for evaluation. Simulation results from 
landscapes that were too small did not adequately capture 
the full range of conditions within the area, whereas re-
sults from landscapes too large were not sensitive to subtle 
changes in cover type and structural stages, such as those 
caused by fuel treatments. We decided to use a 900-meter 
by 900-meter analysis landscape reporting unit because it 
closely matched the coarse-scale project by Schmidt and 
others (2002) and could thereby facilitate (limited) compari-
sons, and it fit well with the 30-meter grid cell resolution 
of the input layers. We are currently conducting a study to 
determine the characteristic landscape size appropriate for 
computing FRCC and departure statistics.

Ancillary LANDFIRE Prototype 
Products _______________________
 The previously discussed LANDFIRE biophysical, 
vegetation, and historical data layers constitute a remark-
able set of spatial data sources for describing vegetation 
characteristics and dynamics across the entire nation. 
However, the utility of these data layers is seriously 
limited because there are few applications that use these 
layers directly as inputs. For example, extensive expertise 
and funding would be required to create a map of fire 
hazard across a region from merely the mapped vegetation 
characteristics. Similarly, whereas the FRCC map may 
be used as a reference for the distribution of funding and 
resources to land management agencies and regions, it 
has little application in terms of designing, implement-
ing, and monitoring fuel treatments. Additional layers 
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and software tools were needed to provide local land 
management with applications that were consistent with 
all other LANDFIRE products. We therefore generated 
a set of fuel data layers and companion analysis models 
to aid fire managers in the design, implementation and 
monitoring of fuel treatments for their respective areas. 
These fuel layers were developed as ancillary products 
in the LANDFIRE process because they were not cen-
tral to the computation of FRCC, but these products 
were critically important as they provided a means by 
which to use LANDFIRE products to more efficiently 
plan and design ecological restoration projects and fuel 
treatments for local applications.

Creating the LANDFIRE Fuel Layers
 It was essential that the entire array of fuel character-
istics be mapped in the LANDFIRE Prototype Project 
to ensure that fire hazard analyses be germane to fire 
management. Both surface and canopy fuel had to be 
mapped so that they could be used in fire behavior and 
fire effects predictive models. Since fuel is highly variable 
and complex, many fire applications use classifications 
of fuel as inputs instead of using actual fuel loading 
sampled in the field. Fuel classifications contain fuel 
classes with representative fuel loading for a set of fuel 
components, and these fuel classes are often referred 
to as “fuel models”. To complicate matters, most fire 
behavior simulation models require fuel models that 
are actually abstract representations of expected fire 
behavior and therefore cannot be used to simulate fire 
effects (Anderson 1982). Moreover, existing fire behavior 
fuel models are quite broad and do not match the reso-
lution needed to detect changes in fuel characteristics 
after fuel treatments (Anderson 1982). Because our 
design criteria specified that, with the implementation 
of the National Fire Plan, the LANDFIRE layers must 
be able to identify changes in FRCC and fire hazard, 
we needed to overcome these limitations. We therefore 
developed a new set of fire behavior fuel models and a 
new classification of fire effects fuel models to ensure 
that the fuel layers could be used for local to regional 
assessments and analyses.
 A new set of fire behavior fuel models was created 
by Scott and Burgan (2005) using funding from – but 
developed independently of – the LANDFIRE ef-
fort. This suite of 40 models represents a significant 
improvement in detail and resolution over Anderson’s 
original 13 (1982). The new fire behavior fuel models 
were developed independently of LANDFIRE because 
we wanted to ensure their use in accepted fire behavior 
applications such as BEHAVE (Andrews 1986; Andrews 

and Bevins 1999) and FARSITE (Finney 1998). Each 
model has a complete description and includes graphs 
showing fire behavior under different fuel moisture and 
weather conditions (www.fire.org).
 Fire effects fuel models differ from fire behavior fuel 
models in that they represent real fuel loading by fuel 
category, not abstract representations of expected fire 
behavior. This loading information by fuel component 
is used to calculate important fire effects such as fuel 
consumption, soil heating, smoke, and tree mortality. 
Because there were no national classifications of fuel 
loading at the time of LANDFIRE’s inception, we cre-
ated our own. Our classification of Fuel Loading Models 
(FLMs) attempts to identify unique fuel loading models 
from an analysis of the variance of fuel loading by fuel 
category (Lutes and others, in preparation). Fuel loading 
categories include four downed woody size classes, live 
and dead shrub and herbaceous biomass, duff and litter 
depth, and crown fuel characteristics. Many studies have 
noted that high variation of fuel loading across tempo-
ral and spatial scales often precludes correlations with 
vegetation characteristics (see Brown and Bevins 1986 
and Brown and See 1981). We examined this variance 
across and between fuel categories to identify clusters of 
fuel loading that might facilitate fire effects fuel model 
mapping. We gathered fuel loading data sets from past 
field efforts across the nation and reformatted them in 
the LFRDB and then performed complex clustering 
analyses to identify unique fuel loading clusters or 
models (Lutes and others, in preparation). Resultant fuel 
classes matched the mid-scale development framework 
specified in the project guidelines. The FLM maps were 
not available for the prototype effort because the FLM 
classification was not completed; however, the national 
LANDFIRE effort will map FLMs for use in fire effects 
models such as FOFEM (Reinhardt and others 1997; 
Reinhardt and Keane 1998) and CONSUME (Ottmar 
and others 1993).
 Another classification of fuel loading was needed for 
finer-scale applications because the FLM classification 
is quite broad and meant for mid-scale analyses. We 
used the national Fuel Characterization Class (FCC) 
classification developed by Sandberg and others (2001) 
and Cushon and others (2003). This classification was 
developed through sampling fuel extensively in various 
vegetation, structure, and stand history combinations in 
forest and rangeland settings across the nation and then 
assigning the computed fuel loading to the categories 
within the classifications of vegetation and stand condi-
tion called default fuelbeds. We mapped these default 
fuelbeds from information collected in the intensive 
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sampling effort using the PVT, cover type, and structural 
stage maps (Long and others, Ch. 6). Using software 
developed by the FCC effort, land managers can modify 
fuel loading for their default FCC fuel model to create 
a more site-specific, locally realistic fuel model for use 
in fire effects computer models.
 Most fire behavior and effects predictive models re-
quire a quantification of several canopy characteristics 
to simulate crown fire initiation and propagation (Al-
bini 1999; Rothermel 1991; van Wagner 1993). These 
characteristics include canopy bulk density, top height, 
base height, and closure. Fortunately, the EROS team 
mapped canopy top height and canopy closure using 
satellite imagery (Zhu and others, Ch. 8), but canopy 
bulk density and canopy base height had to be mapped 
at MFSL by calculating the two canopy attributes from 
tree inventory information in the reference database us-
ing the Fuel Calculation system (FUELCALC) program 
(Reinhardt and Crookston 2003). This program uses 
tree measurements of species, height, and diameter to 
compute the vertical distribution of crown biomass from 
a set of biomass equations. The program also contains 
an algorithm that computes the canopy base height from 
the vertical distribution of crown biomass (Reinhardt 
and Crookston 2003). These two canopy characteristics 
are then statistically modeled using complex statistical 
analyses from variables spatially represented in all 
LANDFIRE biophysical layers (Keane and others, Ch. 
12). The statistical models are then implemented across 
the mapping zones using the biophysical layers. FUEL-
CALC is still under development but will be released 
before the LANDFIRE Prototype Project is finished.
 Creating analysis tools — Maps of fuel character-
istics have limited use until they are linked with an 
appropriate application. An existing application that 
can be used directly with LANDFIRE products is the 
FARSITE fire growth model that simulates the spread 
of fire as it moves across landscapes (Finney 1998). The 
sister program to FARSITE, called FLAMMAP, is used 
for fire hazard analysis and computes fire behavior for 
every pixel based on user-defined weather scenarios. A 
drawback to these programs, however, is that FLAM-
MAP and FARSITE compute fire behavior from weather 
data with no temporal distribution. For example, crown 
fires are more important to fire management if they oc-
cur frequently due to a dry weather record, as in dense 
ponderosa pine stands, than if infrequently, as in crown 
fires of lodgepole pine forests found at high elevations. A 
tool was needed to analyze fire behavior and fire effects 
across a landscape over a temporal domain so that fire 
hazard could be assessed in time and space.

 We initiated the development of the FIREHARM pro-
gram to compute fire hazard across large landscapes over 
long time periods. This program accepts the fuel map 
inputs from LANDFIRE and then uses the DAYMET 
weather database to calculate the probability that a fire 
event could happen on any given day in the 18-year 
weather record. A fire event can be defined from fire 
danger (such as burning index, spread index, and energy 
release component), fire behavior (such as flame length, 
spread rate, and fire intensity), and fire effects (such 
as fuel consumption, soil heating, and tree mortality) 
variables. For example, a user might define a fire event 
as those days when fuel consumption is greater than 
50 percent. The resultant maps of fire event probability 
can be used to target treatment locations, or they can be 
used with other layers to perform other estimations of 
fire hazard. The FIREHARM model is still in develop-
ment and will be released sometime after LANDFIRE 
Prototype Project completion.
 A last application that is still in development is the 
LANDFIRE decision support tool that uses LANDFIRE 
data layers as inputs to an expert system that uses fuzzy 
logic and decision uncertainty to prioritize the selection 
of areas for fuel treatment and restoration activities, 
depending on management objectives (Reynolds and 
Hessburg 2005).

Discussion _____________________
 Despite our best efforts, some elements of subjectivity 
crept into LANDFIRE methods, and perhaps the task 
infused with the highest bias was the development of the 
vegetation map classification. It was difficult to avoid sub-
jectivity in creating a comprehensive list of cover types 
that matched the sensitivity of the Landsat imagery and 
simulation models because of the wide variety of cover 
type classifications and vegetation communities possible 
for each individual mapping zone and the inherent vari-
ability of vegetation across the mapping landscape. One 
possible solution would be to use an existing cover type 
classification for the entire U.S. so that bias is minimized 
and the list of cover types remains constant across map-
ping zones. Yet this option poses problems. Often, the 
composition of a cover type can change across large 
regions, making it difficult to develop one classification 
key that fits all areas. Perhaps the best method would 
be to use an existing classification, determine the list 
of cover types to map according to each mapping zone, 
and then vary the keys to these cover types to reflect the 
subtle differences across zones.



6� USDA Forest Service Gen. Tech. Rep. RMRS-GTR-�75. 2006

Chapter	3—The	Scientific	Foundation	of	the	LANDFIRE	Prototype	Project

 The LANDFIRE task of assigning the new fire behavior 
fuel models to combinations of cover type, structural stage, 
and PVT also contained some subjectivity (Keane and 
others, Ch. 12). This was primarily the result of the lack 
of a comprehensive and consistent key, which precluded 
our ability to assign a fuel model to each plot in the 
LFRDB. In addition, since the fire behavior fuel model 
classification had been recently created, none of the plots 
in the reference database contained information about the 
new fuel models. Furthermore, the new fuel models could 
not be assigned to any plots in the reference database 
because of a lack of consistent key criteria. Without a 
link to field data, we had to assign a fuel model to each 
PVT-cover type-structural stage combination based on 
the best estimate by the authors of the fuel model clas-
sification (Scott and Burgan 2005) and by specialists on 
the LANDFIRE team (Keane and others, Ch. 12). Future 
efforts should attempt to derive a key that objectively as-
signs fuel models based on the data collected in the field 
or present in the reference database.
 LANDFIRE products can be scaled to local applications 
using a variety of approaches. The biophysical layers can 
be used in concert with the field-referenced data to refine 
local vegetation maps and with the PVT maps to reflect 
environmental conditions. For example, precipitation can 
be used to create two Ponderosa Pine cover types, one 
including larch and one without larch, or elevation could 
be used to separate a LANDFIRE Sagebrush cover type 
into Mountain Sage and Black Sage LANDFIRE cover 
types. LANDFIRE fuel assignments to combinations of 
PVT, cover type, and structural stage can be linked to 
local digital maps of vegetation and biophysical settings 
to create a fine-scale fuel layer. In addition, local maps of 
vegetation conditions, such as basal area and tree density, 
can be augmented with the suite of LANDFIRE maps to 
improve fuel model assignments.
 In addition to a host of other land management appli-
cations, LANDFIRE products can also be used to help 
prioritize, plan, and implement fuel treatments. Maps of 
vegetation and fuel can be used as inputs to a number of 
existing fine-scale computer models, such as SIMMPPLE 
(Chew 1997) or FVS-FFE (Reinhardt and Crookston 
2003), to evaluate alternative fuel treatments and their 
effects on project landscapes. In addition, scenarios can 
be developed for the LANDSUMv4 model to simulate 
the effects of alternative management strategies. The 
FIREHARM program can use the LANDFIRE maps 
and DAYMET database to create data layers that show 
the probability of fire events, such as a crown fire or 
lethal soil heating, across small analysis landscapes. The 
set of LANDFIRE fuel layers can be used in FARSITE 

and FLAMMAP to simulate fire growth or predict fire 
hazard for local landscapes. Furthermore, fire regime 
maps can be used to prioritize, plan, locate, and schedule 
ecological landscape restoration and fuel treatments 
across small landscapes by identifying those areas that 
burn frequently and therefore needing treatment more 
urgently.

Conclusion _____________________
 The LANDFIRE Prototype Project has created a 
process for mapping fire, fuel, and vegetation condi-
tions across the entire United States by integrating 
satellite imagery, statistical analyses, and simulation 
modeling using scientifically credible methods. This 
process is currently being implemented through the 
national LANDFIRE effort with the complete set of 
LANDFIRE products scheduled to be delivered by 
2008. The methods, procedures, and protocols imple-
mented within this process ensure consistency across 
all regions, ecosystems, and land types and allow for 
future replications of the process to monitor the efficacy 
of the National Fire Plan and Healthy Forest Restoration 
Act. The LANDFIRE products can be scaled from local 
applications to national assessments and will facilitate 
detailed fuel and fire hazard analyses.
 For further project information, please visit the LAND-
FIRE website at www.landfire.gov
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