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ABSTRACT 

I used archives of wildfire perimeters (fire atlases) within a geographic information 

system (GIS) to describe and evaluate fire frequency patterns for the 20"** century in the 

486,673-ha Gila/Aldo Leopold Wilderness Complex (GALWC), New Mexico and the 

785,090-ha Selway-Bitterroot Wilderness Complex (SBWC) in Idaho and Montana. I 

addressed questions about changing 20"* century fire frequencies and landscape-scale 

controls of fire frequency by analyzing fire atlases along with data for topography, 

vegetation, and climate. Similarities and differences in comparisons between study areas 

highlight important aspects of fire regimes and strengthen my interpretation and 

inference. 

In the GALWC, fire rotations were shortest during the recent wildfire use period (1975-

1993) and longest during the pre-modem suppression period (1909-1946). In the SBWC, 

fire rotations were shortest during the pre-modem suppression period (1880-1934) and 

longest during the modem suppression period (1935-1975). 

Elevations with the highest fire frequencies differed between study areas. However, 

forest types found at these elevations are characterized by similar overstory tree species. 

Steeper northeastern slopes in the GALWC and southwestern slopes in the SBWC bumed 

most frequently. I assert that, in the GALWC, horizontal fuel continuity is a main factor 

determining fire frequency. In the SBWC, fiiel moisture status limits fire frequency. Fires 
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are most frequent in areas where ignitions occur and neither fuel continuity nor fuel 

moisture are likely to limit fire spread. 

Three statistical modeling approaches were used to produce maps of rebum probabilities. 

Log-likelihood modeling provided the most satisfactory results, while logistic regression 

and classification and regression trees yielded statistically insignificant models. Empirical 

models contributed to the assertion that fuel continuity limits fire frequency in the 

GALWC while fuel moisture limits fire frequency in the SBWC. 

Mapped fire perimeters provide a valuable source of spatial historical information for 

describing the role of large fires over broad areas. This dissertation enhances scientific 

knowledge about broad scale changes in fire regimes. Comparisons between areas 

facilitate identification of unique versus general patterns. Results provide a contemporary 

baseline for comparison with estimates of pre-EuroAmerican fire frequencies, and a 

historical, spatial context for modeling and managing future fire regimes. 
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INTRODUCTION TO THE DISSERTATION 

Landscape patterns result from complex interactions between climate, terrain, soils, 

natural disturbance regimes, and land use (Turner and Gardner 1990). These patterns may 

have profound effects on the distribution of ecosystem attributes such as vegetation 

composition and structure, animal habitat, productivity, and future disturbance. 

Understanding the complex interactions between landscape patterns and ecosystem 

processes is a main focus of landscape ecology (Urban et al.l987. Turner and Gardner 

1990, Turner et al. 1995, Muller 1999). Wildland fire is perhaps the most important agent 

determining forest pattern and process in Rocky Mountain ecosystems (Habeck and 

Mutch 1973, Amo 1980, Agee 1993, Swetnam and Baisan 1996, Schmoldt et al. 1999). 

The role of fire in determining ecosystem dynamics varies across continua of spatial and 

temporal scales. Fire affects, and is affected by, vegetation structure, composition, and 

successional trajectories. The complex feedbacks between vegetation and fire processes 

make fire an important mediator of climate-vegetation relationships. Spatially and 

temporally explicit empirical models of fire frequency are critical for efforts to 

understand how changing fire regimes have affected and will affect landscape pattern, 

composition, and structure. This knowledge will be particularly useful for determining 

departures from natural fire regimes in a spatial context, and for prioritizing efforts to 

reintroduce fire and mitigating fire hazard in fire-excluded ecosystems. 

Little is known about spatial and temporal patterns of fire frequencies at landscape scales 

(1,000s to 100,000s of ha, Schmoldt et al. 1999). The scarcity of these data limits the 



10 

understanding of modern fire regimes and ecosystem response in a quantitative, historical 

context. This lack of knowledge also hinders efforts to assess the long-term consequences 

of wildfire use strategies that involve both prescribed fire and fire suppression (Kauffinan 

et al. 1994, Jensen and Bourgeron 1994). Temporal variation in fire regimes has been 

documented in many fire history studies (Heinselman 1973, Amo 1980, Swetnam 1993, 

Swetoam and Betancourt 1998), but little is known about spatial patterns of fire 

frequency. 

Government and non-government agencies are actively managing fire across the United 

States with the goal of restoring fire as a natural disturbance process. An increasing 

demand for disturbance history and disturbance ecology information in wilderness areas 

and elsewhere is a direct consequence of mandates to reintroduce fire as a keystone 

ecosystem process and to support strategic fire management and fire suppression 

decisions. In order to interpret the relationships between landscape patterns and 

disturbance processes ecologists need to compare empirical models relating patterns and 

processes in different regions and at different spatial scales (Turner et al. 1995, Swetnam 

et al. 1999). Understanding the factors that determine fire patterns is central to fire 

ecology and management. Important questions include; What is the recent fire history of 

contemporary forests? How often is an area likely to bum? Is variability over time in the 

extent and frequency of fires due to climate, fire suppression, or other factors? Are these 

relationships constant within and between regions? What are the topographic controls 
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over fire frequency? Are late 20'''-century fire patterns anomalous? This dissertation 

seeks answers to these questions. 

This research was conducted in two large, disparate wilderness areas. Large wilderness 

areas provide a 'natural laboratory' for studying patterns and processes in ecosystems 

virtually uninfiuenced by human activity. This provides the opportunity to test and 

evaluate basic ecological principles across broad gradients (Cole and Landres 1996), and 

to define benchmark or control areas for gauging how non-wildemess systems may have 

been eiffected by human land-use (Christensen et al. 1996). Wilderness areas can provide 

spatial information on ranges of natural variability in keystone ecological processes (e.g. 

fire); this is specifically usefiil for determining how landscapes will be affected by future 

climatic change (Ruiming and Nemani 1991, Ryan 1991, Morgan et al. 1994, Price and 

Rind 1994, Landres etal. 1999). 

This dissertation is the first comparative study of landscape-scale fire histories based on 

time series of fire perimeter maps (fire atlases). Fire atlases from the GAWLC and 

SB WC represent the temporal and spatial distribution of large fires during the 20'*' 

century, allowing broad spatial and temporal analyses. Interpretation of results is 

strengthened by knowledge of regional and multi-century fire history and climate (Amo 

1980, Swetnam and Betancourt 1998, Swetnam and Baisan 1996, Barrett 1995, Barrett et 

al. 1997, Cook et al. 1999), and by comparing and contrasting results between regions. 
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The broad goals of the study were to improve the scientific understanding and knowledge 

of spatial and temporal patterns of fire patterns at landscape scales and to provide 

wildemess fire managers with information on the spatial and temporal variability of fire 

in each wilderness area. Three distinct research papers address these goals. The 

objectives of these individual research papers were to evaluate 20* century fire fi-equency 

patterns by forest type (Appendix A), to characterize relationships between vegetation, 

topography, climate, and fire frequency (Appendix B), and to develop empirical 

probability surfaces of fire frequency based on topography (Appendix C). When 

considered as a whole, the research presented in this dissertation provides a synoptic 

overview of the spatial and temporal variability in 20"* century fire patterns in two large 

wildemess areas, and provides an empirical and methodological framework for modeling 

fire regimes. Comparing overall results between regions provides insight to the factors 

that drive fire regimes throughout the Rocky Mountains. 
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PRESENT STUDY 

The methods, results, and conclusions of this study are presented in the three manuscripts 

appended to this dissertation. The following is a summary of the most important findings 

in these papers. 

As a disturbance process, the timing and severity of wildfire effects depend on the spatial 

and temporal scales of observation (Pickett et al. 1989). At fine scales (individual trees 

and forest stands, minutes to hours), the physics of fire spread and behavior are well 

known (Rothermel 1983, Finney 1998, Perry 1998), and at broad scales (regions, 

centuries, and milleimia) the climatic and anthropogenic constraints on fire frequency 

have been documented in many studies (Barrett and Amo 1982, Gruell 1985, Swetnam 

and Betancourt 1990, Swetnam 1993, Barrett et al. 1997, Swetnam and Betancourt 1998). 

Little is known, however, about spatial and temporal variability in fire frequency at 

landscape scales (1,000s to 100,000s of ha), or about landscape characteristics that 

determine the spatial patterns of fire frequency at these scales (Schmoldt et al. 1999). 

When using fire history data for landscape-scale fire management, uncertainty in the 

specific spatial extent where inferences are appropriate contributes to confusion. In 

addition, this uncertainty leads to confusion in research focused on predicting the effects 

of climate change on landscape-scale fire regimes and in ongoing efforts to reintroduce 

fire as a keystone ecosystem process. 
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Fire frequency data are necessary for answering questions like: 1) How frequent is fire in 

an area? 2) What are the characteristics of sites with different fire frequencies? 

Dendroecological reconstructions and point fire occurrence databases can show how fire 

frequency varies over space and time. Time series of fire perimeter data (fire atlases), 

however, provide spatially and temporally continuous information on fire frequency and 

extent for broad areas. This important characteristic of fire atlas data distinguishes fire 

history research based on mapped fire perimeters from research based on point databases. 

In this research, spatial and temporal variability of fire patterns are described, assessed, 

and modeled empirically in the 486,673-ha Gila/Aldo Leopold Wilderness Complex 

(GALWC), New Mexico and the 785,090-ha Selway-Bitterroot Wilderness Complex 

(SBWC) in Idaho and Montana using long time series of fire perimeter data, mapped 

potential vegetation types, and digital elevation models (DEMs). The following sections 

describe the research contained in the three appendices. 

Appendix A — Evaluating a Century of Fire Patterns in Two Rocky Mountain Wilderness 
Areas Using Digital Fire Atlases. 

Using digital fire atlases, areas burned and fire frequency were estimated over two broad 

study areas. Fire atlases were temporally partitioned into three periods defined by 

different levels of fire suppression. These periods were termed (1) the pre-modem 

suppression period, (2) the modem suppression period, and (3) the wildfire use period. 

Archived fire perimeter data extended from 1909 to 1993 in the GALWC (Figure I) and 

from 1880 to 1996 in the SBWC (Figure 2). Mapped data indicated that 142,700 ha had 

burned in 220 fires in the GALWC and 549,230 ha in 524 fires in the SBWC. Including 
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rebumed areas, 30% of the GALWC and 70% of the SBWC bumed during the temporal 

extent of the mapped fire data. In the GALWC, 1909,1946, 1951, 1985, 1992, and 1993 

were the years with the largest mapped fires, together they accounted for 72% of the total 

area bumed. In the SBWC, 1889, 1910, 1919, 1929,1934, and 1988 were the largest fire 

years, accounting for 75% of the total area bumed in the 116-year record. Distributions of 

fire sizes were heavily right-skewed, with many small and few large mapped fires. This 

was similar to results firom previous analyses of fire size distributions (Strauss 1989, 

McKelvey and Busse 1996, Minnich and Chou 1997). The largest 1% of fires accounted 

for 26% of the total area bumed in the GALWC and 38% of the area bumed in the 

SBWC. Fire atlas data from each area lacked many of the small fires that bumed during 

the period of record. Although many fires (typically those less than 50 ha) are not 

included in the atlas, large fires contained within the fire atlases are likely to be the most 

important in terms of fire effects on ecosystems and represent a large proportion of the 

total area bumed (Strauss 1989, McKelvey and Busse 1996, Moritz 1997). 

Overall for the GALWC, 20"* century fire rotations based on mapped fire perimeters were 

long compared to pre-EuroAmerican mean fire interval estimates from tree-ring 

reconstructions by Swetnam and Dieterich (1985) and Abolt (1996). Fire rotations for the 

entire fire atlas in the SBWC were not longer than expected based on pre-EuroAmerican 

estimates (Barrett and Amo 1991, Brown et al. 1994). However, 82% of the area bumed 

in fires prior to 1934. One year, 1988, was responsible for almost half of the area bumed 

after 1934. Short fire rotations in the 20*'' century for the SBWC are attributed to large 
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conilagrations in 1889, 1910, 1919, and 1934. Low elevation, mesic, inland Pacific 

maritime forests of the Lochsa and Selway River drainages burned and rebumed much 

more than would be expected given estimates of pre-EuroAmerican fire frequencies and 

considering the distribution of these forests across the SBWC (Barrett and Amo 1991, 

Brown et al. 1994). It is important to note that mean fire intervals and fire rotations are 

not directly comparable (Brown et al. 1994); however, even when considering the 

maximum estimated mean fire intervals from pre-EuroAmencan estimates, fire rotations 

after 1934 are much longer. 

Twentieth-century fire rotations in the forests of the GALWC and SBWC are longer than 

pre-EuroAmerican fire frequency in specific forest types based on previously published 

fire history reconstructions. Much of each wilderness area is occupied by forests with 

historically infrequent fire regimes (e.g. low elevation pifion/juniper or western redcedar 

and high elevation mixed conifer or subalpine forests). The period of record of the fire 

atlases from each area may not be long enough to adequately represent fire frequency or 

anthropogenic effects on fire fi^quency in these forests. Under current fire rotations, fire 

hazard will increase in low and high elevation forests in each area due to continued fire 

exclusion. Specifically, piiion/juniper/oak, mixed conifer, and spruce/fir forests in the 

GALWC and western redcedar, grand fir, and upper subalpine forests in the SBWC are at 

risk of larger fires under continued fire exclusion practices. While currently the shortest, 

fire rotations in Douglas-fir and ponderosa pine forests in each area remain long under 

current fire management practices in each area. To meet the goals of restoring fire as a 
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keystone ecosystem process and reducing fuel amounts, fire management must take a 

more proactive approach to restoring fire in these wilderness areas 

The results from this research provide site specific inforaiation about 20"* century fire 

patterns that may be used for determining local and landscape-scale departure from 

natural ranges of variability. Mapped results are more spatially explicit and 

comprehensive than characterizing large areas by assessing fire frequency from fire scar 

or age structure analyses. This research contributes and improves current scientific 

knowledge about changing fire regimes. From an ecological perspective this information 

may be used to assess the past and potential changes in successional status of the forests 

of the GAL WC and SBWC. Analyses of fire perimeter data provide spatially explicit 

information on changes in the rate of burning for each study area. Comparative analyses 

of two large wilderness areas provide both a regional context and baselines for assessing 

the degree of changes in fire frequency in adjacent forests. Wilderness managers may use 

this information for targeting areas for prescribed burning to reduce the risk of large, 

stand-replacing fires and to return forest structure and composition of these wilderness 

areas to natural ranges of variability. 

Research in Appendix A is distinguished from research in Appendices B and C in that it 

focuses on chemges in fire frequency over time. Appendix B focuses on the spatial 

distribution of fire frequency and Appendix C uses three statistical modeling approaches 

for spatially predicting the probability of an area to bum multiple times. Future research 
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will use remotely sensed data along with mechanistic ecosystem process models to 

predict landscape patterns in each wilderness based on recent and predicted future fire 

regimes. 

Appendix B - Landscape-Scale Controls Over 20'* century Fire Occurrence in Two 
Large Rocky Mountain Wilderness Areas 

Continuous surface models of fire frequency were derived for each wilderness complex 

by compiling aimual fire maps as binomial GIS grids and summing over the entire period 

of record. These surfaces were directly cross-tabulated with vegetation and topographic 

data. Distributions of landscape characteristics for different fire frequency classes were 

compared across broad landscape-scale environmental gradients using two-sample 

Kolmogorov-Smimov tests and chi-squares. 

In the 486,673-ha GALWC, fire frequencies were highest at middle elevations, above 

xeric desert grassland and below mesic, high elevation forests (Figure 3). In the 785,090-

ha SBWC, fire frequencies were highest at low-to-moderate elevations (Figure 3). These 

results coincide with conceptual models predicting high fire frequencies in elevations 

where neither fiiel continuity nor fuel moisture are limiting (Martin 1982, Barton 1994). 

In general, steeper slopes bum more frequently in both study areas. This may be due to 

more efficient heat transfer to upslope fuels, lower soil moistures, or the result of more 

direct insolation on some steeper slopes. Northern aspects burned more frequently in the 

GALWC and southern aspects burned more frequently in the SBWC than expected by 

chance (Figure 4). This contrast between aspect and fire frequency relationships in each 

study area highlights important differences in fire regime characteristics. 
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Fires in the GALWC have, in general, iow-to-moderate severities (i.e. low tree mortality 

and fire intensity) and are constrained by herbaceous and litter fuel continuity along with 

local topography and moisture status. The GALWC is a semi-arid landscape where 

productivity is low relative to other ponderosa pine/Douglas-fir forests in the Rocky 

Mountains. Frequent, low-intensity surface fire regimes are found throughout the 

extensive ponderosa pine/Douglas-fir forests found at middle elevations (Swemam and 

Dieterich 1985). Fire frequency decreases and fire severity increases as forests transition 

to relatively mesic and closed canopy mixed-conifer and spruce-fir forests (Abolt 1996). 

These high-elevation, mesic forests represent only 9% of the GALWC. This fire 

frequency-elevational gradient is similar to other mountain ranges in the southwestern 

United States (Baisan and Swetnam 1990, Grissino-Mayer et al. 1995). Northern and 

northeastern aspects are more productive, leading to higher herbaceous fuel continuity, 

and thus a higher probability of burning often. 

Fire regimes in the SBWC are characterized by infrequent moderate-to-high severity 

fires, with a large proportion of stand mortality (Barrett and Amo 1991, Brown at al. 

1994). These fire regimes occur in subalpine (70% of the SBWC) and mesic grand fir 

{Abies grandis) and western redcedar {Thujaplicata) forests. Large fires in subalpine 

forests are constrained by the moisture status of large, woody fuels (Pyne et al.l996). 
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South and southwestern aspects receive more direct insolation, causing desiccation and 

preheating of fuels (Agee 1993). High insolation and dry conditions on south-facing 

slopes may limit biomass productivity following severe bums. 

Differences in aspect relationships suggest that fire frequency in the GALWC is related 

to the horizontal continuity of fuels, which is determined by site productivity. Continuity 

of fuels limits fire spread at low elevations and fuel moisture status limits fire spread at 

high elevations. In the SB WC, fire frequency is related to the moisture status of large 

fuels. At the highest subalpine elevations, fuel amounts and continuity are limiting. At the 

lowest elevations, wet fuels limit fire spread. In both areas, the GALWC and SBWC, fire 

is most frequent where neither continuity nor moisture are likely to be limiting. 

The results from this research provide the basis for creating empirical maps of potential 

fire frequency across these two study areas. Additionally, results may be used to assess 

ecotonal shifts in forest boundaries under different fire regimes or to classify fire regimes 

as continuous variables over broad gradients defined by spatial data within a GIS. 

Appendix B is distinguished from Appendix A in that it focuses on assessing the factors 

that determine the spatial distribution of fire frequency as opposed to the temporal 

variability. This paper provides the basis for the methods and hypotheses described in 

Appendix C. Future research will focus on empirical modeling of potential fire 

frequency, incorporating broad scale, gradient-based field sampling and remote sensing 

into continuous distributions of fire regimes, and classifying fire regimes as continuous 
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variables defined by landscape-scale, biophysical gradients. The overall objective of 

future research will be to assess the degree of departure from natural ranges of variation 

and to enhance our understanding of fire regimes over time and space. 

Appendix C — Topographic Modeling of Fire Frequencies in the Gila/Aldo Leopold 
Wilderness Complex, New Mexico and the Selway-Bitterroot Wilderness Complex, 
Idaho/Montana. 

Log-likelihood tests, logistic regression, and classification and regression trees (CART) 

were used to model areas bumed multiple times in each wilderness area based on 

independent variables defined by topography. Log-likelihood models, based upon 

classifications of topographic data, yielded the most statistically significant results. 

Combinations of continuous and categorical independent variables were used to model 

areas likely to bum often using logistic regression and CART. Linear logistic regression 

models failed to identify non-linear relationships between fire frequency and topography. 

CART models were simple, with initial bifurcations defined by elevation. While CART 

models correctly classified non-monotonic relationships between elevation and fire 

frequency, slope and aspect had no overall effect until group membership was too low to 

affect the interpretation of the overall model. 

While classification accuracies of predicted surfaces and actual rebum patterns were low, 

the overall trends and patterns represented by the different models support assertions 

about fire regimes from Appendix B and indicate that important inferences about fire 

frequency may be determined using simple derivatives of digital elevation models. This 

paper is distinguished from Appendix B in that it uses three separate approaches to 

empirically and spatially model the distribution of fire frequency across each wilderness 
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area. This modeling framework provides a basis for future research involving the 

classification of fire regimes as continuous variables and spatially explicit modeling of 

the effects of changing fire frequency on vegetation patterns at landscape scales. 

Limitations 

The two main limitations for using fire atlases to model fire frequency over broad areas 

for long periods of time are: 1) anthropogenic effects on the size and frequency of fires 

and 2) database quality. By conducting this research in wilderness areas, the effect of 

anthropogenic fire exclusion was reduced relative to areas with extensive road networks. 

However, fire suppression effects may have obscured some landscape-fire frequency 

relationships to the degree that models based on 20"* century fire data were invalid, even 

in large wildemess areas. Mapping methods and accuracy change over time in archived 

sets of fire perimeters. It was impossible to completely assess the spatial accuracy of 

these fire atlases. Fire atlases only included a small subset of the total number of fires that 

actually burned in an area because many fires less than 50 ha were not mapped. 

Comparison with an independent fire occurrence database suggested that less than I % of 

the smallest fires were accounted for in the mapped perimeter data. On the other hand 

over 90% of the large fires were included. 

Despite these limitations, empirical models of the probability of multiple bums based on 

fire atlases from wildemess areas and topographic data provide usefiil information for 

interpreting the effects of changing fire frequencies on vegetation composition and 
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Structure. Resulting maps are guides for long-term prescribed fire management focused 

on bringing foe regimes within natural ranges of variation. 

Synopsis and Future Research 

Most government and non-govemment agencies with responsibilities for managing 

landscapes have committed to 'ecosystem management,' the process of managing 

landscapes by regulating internal ecosystem structure and fimction to achieve both 

ecological integrity and socially desirable conditions (Christensen et al. 1996, Agee and 

Johnson 1988). One of the main tenets of ecosystem management is that decisions are 

based on sound ecological models and understanding (Christensen et al. 1996). Planning 

and implementation of management actions should incorporate the best models of 

ecosystem function. At landscape scales, relationships between ecosystem processes and 

landscape patterns are a priority for research (Christensen et al. 1996, Turner and 

Gardener 1995). Management strategies should seek to maintain ecosystems within 

natural ranges of variation, relative to some reference or 'natural' condition (Kauf&narm 

et al. 1994, Landres et al. 1999). 

The body of research presented in this dissertation provides scientific information 

uniquely tailored to implementing ecosystem-based fire management. Using spatially 

continuous fire history data for two large wilderness areas provides a synoptic, 

spatiotemporal perspective that is relatively rare in fire history research. Appendix A 

focuses on the variability of fire frequency over time and between potential vegetation 
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types for each area. Appendix B compares the distributions of topography and vegetation 

for areas burned multiple times. Appendix C provides maps of the probability of rebum, 

based on topographic variables. These papers, individually and collectively, provide a 

detailed overview of the role of fire throughout the 20*'' century in each wilderness area. 

The structure, composition and function of forest species in the western United States are 

shaped by the frequency, size, and severity of fires (Agee 1993, Pyne et al. 1996). The 

information contained in Appendices A and B is extremely valuable for understanding 

fire regimes relative to topography and climate in the GALWC and SBWC. By 

synthesizing results from the three manuscripts included in this dissertation, ecologists 

and managers may assess the level of departure from historical ranges of variability for 

different vegetation types and topographic poses. Maps of the probability of future fire 

patterns provide a guide for adaptive fire management planning. 

Currently flmded and future research will focus on developing surfaces of fire frequency 

and fire probability using 1) additional fire history data (e.g. dendroecological data, 

national fire occurrence databases) and quality-controlled subsets of fire atlases for 

specific, field-checked study areas, 2) detailed regional databases of lightning occurrence 

data for each study area, and 3) more sophisticated techniques for developing probability 

surfaces including gradient analysis of field data, stochastic simulation, poisson 

regression, and nonlinear logistic regression. 
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Figure 1. Fire atlas for the 486,673-ha Gila/ Aldo Leopold Wilderness Complex. Area mapped includes a 5-km buffer around the 

wilderness boundary. Decades offrre are mapped as separate colors. From 1909 to 1993, 142,700 ha (30% of the study area) burned 

in 220 mapped fires. 
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Figure 2. Fire atlas for the 785,090-ha Selway-Bitterroot Wilderness complex. The area 

mapped includes a 5-km buffer around the wilderness boundary. Decades of fire are 

mapped as separate colors and the color scheme is identical to Figure 1. From 1880 to 

1996, 545,229 ha (70% of the study area) burned in 524 mapped fires. 
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Figure 4. Distributions of areas burned at different frequencies by aspect. Distributions 

of total area within each aspect are also shown. Chi-square tests indicated significant 

differences in distributions, with contrasting aspect-fire frequency relationships in the 

GAL WC and SBWC. +indicates a significant positive difference and- a significant 

negative difference (P < 0.05) between the distribution of area burned multiple times 

and the distribution of aspect over the entire wilderness complex. 
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ABSTRACT 

Long time series of fire perimeter data (fire atlases) and mapped potential vegetation 

types (PVTs) were used to empirically describe and evaluate fire histories in the 486,673-

ha Gila/Aldo Leopold Wilderness Complex (GALWC) in New Mexico and the and 

785,090-ha Selway-Bitterroot Wilderness Complex (SBWC) in Idaho and Montana. Fire 

rotations and fire cycles were estimated over two these two large areas. The fire atlases 

were temporally partitioned into three periods defined by different levels of fire 

suppression: the pre-modem suppression period, the modem suppression period, and the 

wildfire use period. 

Fire rotations based on complete fire perimeter maps and fire cycles based on spatial 

distribution of area in a time-since-fire map were nearly identical, as expected. In the 

GALWC, fire rotations were short during the recent wildfu-e use period (1975-1993) and 

long during the pre-modem suppression period (1909-1946). In contrast, fire rotations 

were short during the pre-modem suppression period (1880-1934) and long during the 

modem suppression period (1935-1975) in the SBWC. Ponderosa pine and Douglas-fir 

potential vegetation types (PVTs) had the highest fire frequencies in the GALWC. In the 

SBWC, westem redcedar, Douglas-fir, and grand fir PVTs had the highest fire 

frequencies. Cumulative proportions of area bumed indicated variable rates of burning 

through the lO"* century and different rates among PVTs and between study areas. In the 

GALWC the rate of burning changed rapidly in the 1950s and the 1990s. In the SBWC, 
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the rates of burning showed large increases in the first half of the century associated with 

large fire yr in 1910,1919, and 1934. 

Twentieth-century fire rotations in the forests of the GALWC and SBWC are currently 

moderately longer than they were prior to EuroAmerican settlement based on previously 

published fire history reconstructions. However, this is due to large areas burned during 

the modem suppression and wildfire use periods in the GALWC and the pre-modem 

suppression period in the SBWC. Most of the fire in recent prescribed natural fires in 

each area has burned in Douglas-fir and ponderosa pine PVTs. Under current fire regimes 

in the GALWC, fire hazard will probably increase in upper elevations due to continued 

fire exclusion. The majority of forests in the SBWC are characterized by long fire-retum 

intervals; the period of record in the SBWC fire atlas is too short to adequately 

characterize fire rotation in these forests. Despite this, the continued exclusion of fire will 

probably increase the hazard of large, severe fires in all forest types. This research 

confirms and improves the understanding of how fire regimes change at broad, landscape 

scales. The results provide the information to empirically assess the successional status of 

forests in each wilderness area. Proactive fire management is needed to return fire 

regimes in each area to within natural ranges of variability and to reduce the risk of 

catastrophic wildfire in upper elevations of the GALWC and nearly the entire SBWC. 

The results fi-om this research are immediately applicable for long-term wilderness 

wildfire use planning. Maps of recent fires, fire rotations by time period and by potential 
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vegetation type provide the information necessary for prioritizing wilderness 

management decisions with both a spatial and temporal perspective. 
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INTRODUCTION 

Fire history research in forests of the Rocky Mountains has shown marked decreases in 

the extent and rate of burning since the late nineteenth century (Leopold 1924, Weaver 

1951, Wellner 1970, Amo 1980, Amo and Peterson 1983, Swetnam and Dieterich 1985, 

Brown et al. 1994, Swetnam and Baisan 1996a, Barrett et al. 1997). Reduction in the rate 

of burning in ponderosa pine forests, for example, has been accompanied by increases in 

fuel amounts and fuel continuity as vegetation that would previously have been 

consumed in fire remains unbumed (Amo 1976, Arao 1980, Gruell et al. 1982, 

Covington and Moore 1994, Covington et al. 1994, Fule and Covington 1995, Grissino-

Mayer et al. 1995, Swetnam and Baisan 1996b). Decreased fire frequencies in middle and 

low elevation forests and associated increases in the amount of fuels and structural 

homogeneity will lead to larger, more severe fires in these forests than occurred in the 

past several centuries (Covington et al. 1994). This was a main finding of the Integrated 

Scientific Assessment for Ecosystem Management in the Interior Columbia River Basin 

(Quigley et al. 1996). Historical data on the timing of fires are a critical part of current 

management efforts to return fire regimes in wilderness areas to natural ranges of 

variation and to mitigate increased fuels through the restoration of wildland fire. 

Historical information empirically increases the understanding of the dynamic nature of 

fire-landscape interactions and provides a reference for assessing contemporary 

landscapes (Morgan et al. 1994, Swetnam et al. 1999). 
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The historical role of fire in an area is often characterized using mean fire interval, fire 

rotation, and fire cycle (Johnson 1992, Agee 1993, Minnich and Chou 1997). However, 

these metrics are often confused. Because of different approaches, comparisons between 

study areas or between time periods are sometimes invalid. This uncertainty causes 

problems when interpretations from fire history research are applied in fire management 

planning. Much confusion is due to ambiguity in the appropriate spatial extent for 

ecological interpretation and fire management implications. 

Mean fire intervals, based on single fire-scarred trees, often provide incomplete estimates 

of fire frequency at any given point on a landscape. Fire fi-equency estimates fi-om 

multiple trees are usually aggregated or composited to estimate mean fire intervals at 

broader landscape or even regional scales (Heinselman 1973, Amo 1980, Dieterich 1980, 

Swetoam and Baisan 1996b, Swetaam et al. 1999). Fire rotation and fire cycle are 

examples of area fire fi'equencies, defined as the number of years required to bum an area 

equivalent to a specific study area (Agee 1993). These metrics are calculated by 

estimating burned areas over time from mapped age structure data, sometimes combined 

with fire-scarred trees, to compile time-since-fire maps. Fire histories based on fire-

scarred trees alone are explicitly spatial, with annual temporal precision in dating. 

However, representations of the areal extent of individual fires over time are relativistic 

estimates only because fire perimeters usually cannot be determined from fire-scarred 

trees alone (Agee 1993, Swetnam and Baisan 1996a, Pyne et al. 1996). Moreover, the 

quantitative extrapolation of spatial patterns is limited, because sites and trees are often 
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opportunistically sampled and non-randomly distributed (but see Amo et al. 1993, Fule 

and Covington 1995 for examples of systematic sample design). 

Approaches using tree age structure or time-since-fire data assume that stand boundaries 

represent past fire perimeters. In these approaches, subsequent fires consume the 

evidence of past fires; only the most recent fires are represented in their entirety. This is 

most valid where stand-replacing fires dominate fire regimes, but less so in forests with 

less severe understory or mixed fire regimes where stand boundaries do not correspond in 

any simple or clearly observable maimer with past fires. Non-fire forest disturbances and 

local ecological gradients contribute to uncertainty in reconstructions of past fire 

perimeters in areas with low-severity fire regimes. In time-since-fire approaches, fire 

frequencies and fire rotations are estimated based on fitting statistical distributions to the 

distribution of areas represented by age polygons (Van Wagner 1978, Johnson and 

Outsell 1994). Truncated time-series and difficulty in reconstructing fire perimeters are 

main limitations to this approach (Finney 1995). 

Historical interpretations of long fire chronologies define pre-EuroAmerican fire regimes 

for specific areas, and provide important baseline data that ecologists and landscape 

managers may use to assess ecosystem change at broad temporal scales (Landres et al. 

1999). However, discrepancy in results and interpretations contributes to an overall lack 

of knowledge of the spatial patterns of fire regimes at broad landscape scales (i.e. 1000s 

to 100,000s of ha). 
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Time series of fire perimeter maps (fire atlases) impart a unique spatial and temporal 

perspective for analyzing historical fire patterns at landscape scales, and are an important 

supplement to multi-century fire chronologies estimated using tree-ring based 

approaches. Mapped fire perimeters are spatially and temporally continuous 

representations of areas that were burned or unbumed in any given year. In contrast with 

a time-since-fire approach, using fire atlases directly incorporates rebumed areas. Area 

frequencies may be calculated from the actual data, as opposed to estimated from a 

statistical distribution (e.g. Johnson and Outsell 1994). Using a geographical information 

system (GIS), analyses of fire atlases yield continuous, spatially explicit results over 

broad areas. Calculations of area frequencies based on fire perimeter data provide 

spatially continuous, landscape-scale information that fire scar composites and the time-

since-fire approach lack. 

The extent and rate of change in fire fi^quency are central to fire ecology and 

management. Twentieth-century changes in fire frequency are directly related to the 

current extreme fire hazard in some Rocky Mountain forests (Van Wagtendonk 1985, 

Barrett 1988, Covington et al. 1994). This paper presents temporal analyses of 20"* 

century fire patterns for two large Rocky Mountain wildemess complexes: the 486,673-

ha Gila/AIdo Leopold Wildemess Complex (GALWC) in New Mexico and the 785,090-

ha Selway-Bitterroot Wildemess Complex (SBWC) in Idaho and Montana. The GALWC 

and the SBWC factor heavily in the history of wildland fire in the United States (Pyne 
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1982). By 1950, two of the first aerial fire depots were operating within 50 miles of each 

area. Aggressive modem suppression continued through the mid-1970s, when each 

wildemess complex implemented prescribed natural fire programs, with the goal of 

restoring fire as a keystone ecosystem process (Garcia et al. 1978, Frost 1982, Swetnam 

1983, Webb and Hendersen 1985). Under these fire management strategies, lightning-

ignited fires were allowed to bum within specific fiiel, location, and weather conditions, 

with an overall goal of reducing fire hazard and restoring fire as a natural process (Garcia 

et al. 1978, Frost 1982). 

Fire atlases from each area encompass three main periods in fire management strategies: 

pre-modem suppression, modem suppression, and wildfire use periods. The rationale for 

these delineations is described later in the methods section. Temporal changes in 20*'' 

century fire frequencies were characterized in these different time periods and then 

compared with pre-EuroAmerican fire frequencies described in previously published 

research. For comparison, we calculated fire rotation from the fire atlases and fire cycle 

based on a time-since-fire map derived from the fire atlases. By using two regionally 

distinct wildemess complexes we were able to compare fire pattems between time-

periods within study areas and, conversely, between study areas and within time periods. 

This historical comparison of the temporal pattems of 20*'' century fires provides 

empirical, contextual information for existing forest types in each wildemess. Our 

research provides an empirical baseline for predictions of fiiture forest change in a 
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constantly changing environment, as well as the means to evaluate the environmental 

factors that determine the patterns of fire occurrence over time and space. 

Based on the empirical description of 20*'* century fire frequency in each study area, we 

tested our hypotheses that fire patterns would differ statistically among time periods 

defined by different fire management strategies (HoZ no difference in fire size or shape 

over time). We expected fires would be more frequent, larger, and have more complex 

shapes in the early pre-modem suppression period and less frequent, smaller, and less 

complex in the modem suppression period. Fire suppression tends to make fire 

perimeters less complex by containing fire fronts within fire lines (Krunmiel et al. 1987). 

Further, we expected that the wildfire use period, from 1975 to the end of the period of 

record, would be characterized by an increase in fire frequency and fire size relative to 

fires during the modem suppression period. 

While these results may seem self evident, this research provides an empirical evaluation 

of fire patterns over time in each area. Statistical analyses provide spatially explicit, 

quantitative evidence of changes in fire regimes throughout the 20"' century. This 

information will be directly applicable in assessing and modeling the successional status 

of forests within and adjacent to the study areas. Results improve understanding of the 

effects and consequences of different fire management strategies and may be used to 

identify settings where fires have been more influenced by fire suppression than others. 

Similarities in results between study areas are converging lines of evidence that both 
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aggressive modem suppression and prescribed natural fire have affected fire regimes in 

the Rocky Mountains. Such data are crucial as baselines for evaluating the degree to 

which climate change, land use, fire suppression, and topography contribute to changing 

fire regimes. 

METHODS 

Study Areas 

Gila/Aldo Leopold Wilderness Complex 

The Gila/Aldo Leopold Wildemess Complex is a 486,673-ha area in west-central New 

Mexico (Figure 1). The complex is composed of the Gila Wildemess Area, the Aldo 

Leopold Wildemess Area, Gila Cliff Dwellings National Monimient, and some non-

wildemess portions of the Gila National Forest. The Gila Wildemess Area, established in 

1924, was the first officially designated wildemess in the United States. The GALWC 

encompasses the headwaters of the Gila River, the Mogollon Mountains and the Black 

Range 70 km north of Silver City, New Mexico. The Gila Wildemess Area is 

phyisiographically diverse, with deep, narrow river canyons, broad, flat mesa tops and 

steep, heavily forested mountains. Elevations range from 1300 m near the main stem of 

the Gila River to 3300 m on top of the Mogollon Mountains. The Aldo Leopold 

Wildemess Area is mgged, with elevations ranging from 1500 m near the Mimbres River 

to 3000 m on McKnight Mountain in the Black Range. 

The basin and range topography supports desert scmb (Ceanothus, Artemisia, and Yucca 

spp.) in broad valleys at the lowest elevations. As elevation increases, pition/juniper 
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woodlands (Pinus edulus, Juniperus deppeana, and J. monosperma, and Quercus spp.) 

gain dominance. Extensive stands of ponderosa pine {Pinus ponderosa) are found at 

middle elevations with a shift to Douglas-fir (Pseudotsuga menziesif) at 2,300 m. At 

upper elevations, forests are comprised of mixed conifer forests of Engelmann spruce 

{Picea engelmannii), subalpine fir {Abies lasiocarpa), southwestern white pine (Pinus 

strobiformis), white fir {Abies concolor), and aspen {Popuius tremuloides). 

The geologic substrate of the GALWC was formed during volcanic events in the late 

Cretaceous (USGS 1965). The Gila Conglomerate, a tertiary sedimentary formation, is 

exposed in tall, pinnacle-like rock formations along the Middle and East Forks of the Gila 

River (Ratte et al. 1979). Annual precipitation varies firom 250 mm to 760 mm in the 

mountain ranges (Beschta 1976). Mean daily temperatures vary fi-om below fi-eezing in 

the winter to 30°C in the middle of summer. Thunderstorms are common in the summer 

months, resulting fi-om orographic lifting of moist, air masses moving north fi"om the 

Gulf of Mexico. 

The fire season in the GALWC begins as early as April and extends through September. 

Spring conditions are usually dry, with thunderstorm activity increasing in June and July 

after the onset of the simimer monsoon. Historically, the GALWC was dominated by 

low-severity (i.e. low forest mortality) surface fire regimes with mixed-severity fire 

regimes found at upper elevations (Swetnam and Dieterich 1985, Abolt 1996). During 

dry years of the twentieth century, fire behavior has been extreme with stand-replacing 
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fire across all elevations. The Gila Wilderness Area has one of the highest levels of 

lightning-caused fire occurrence in the nation, with an average of 5 lightning-caused fires 

per 100 ha per year (Barrows 1978, M.G. Rollins, unpublished data). 

Selway-Bitterroot Wilderness Complex 

The Selway-Bitterroot Wilderness Complex in Idaho and Montana (Figure 1) is a 

785,090-ha wilderness complex, second in size (in the conterminous United States) only 

to the adjacent Frank Church River-of-No-Retum Wilderness in Idaho. The area is 

characterized by extremely rugged terrain with over 2500 m of relief. Portions of the 

wilderness are found on the Bitterroot, Clearwater, Lolo and Nez Perce National Forests. 

Three main topographic regions exist within the wilderness complex. The eastern portion 

of the wilderness consists of the north/south-oriented Bitterroot Range. These mountains 

begin in the northeastern comer of the wilderness, extend 70 km to the southeastern 

comer, and are characterized by large granitic mountain peaks as high as 3050 m. 

East/west-oriented glacial valleys dissect the Bitterroot Mountains to valley bottoms as 

low as 1000 m. The Clearwater mountains are found in the central and southem portions 

of the wildemess. This portion of the wildemess comprises the majority of the Selway 

River beisin. This area consists of mgged terrain with complex high ridges dissected by 

steep canyons as low as 500 m. The northwestem portion of the wildemess is 

characterized by large river valleys (the Lochsa River drainage) with over 1500 m of 

relief. 
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The upper portions of the Lochsa and Seiway River basins (located in the north-central 

and northwestern portion of the wilderness) are distinguished by diverse. Pacific 

maritime forests with assemblages of western redcedar {Thuja plicatd), western hemlock 

(Tsuga heterophylla), western white pine (Pinus monticola) and Douglas-fir ranging from 

500 m to 1500 m. At elevations near 1000 m, forests in the central, southern and eastern 

portions of the SBWC are dominated by ponderosa pine, Douglas-fir and western larch 

(Larix occidentalis). As elevation increases, these assemblages convert to mixed 

Douglas-fir/Engelmann spruce/grand fir (Abies grandis) forests followed by subalpine 

forests containing assemblages of Engelmann spruce/subalpine fir with lodgepole pine 

(Pinus contorta) dominant in stands with more recent disturbance. Many stands of 

lodgepole pine are extensive, and have homogenous stand structure and ages (Amo et al. 

1993). Mixed whitebark pine {Pinus albicaulis) and alpine larch {Larix lyallii) forests 

characterize the highest subalpine elevations. Subalpine forests cover 70% of the SBWC. 

Mountainous geology in this region is characterized by granitic rock that is part of the 

Central Idaho Batholith. Lower elevations are dominated by substrate formed in a series 

of volcanic events during the Mesozoic and Cenozoic periods (Habeck 1972). The 

canyons and valleys of the central Seiway and Clearwater River drainages were dissected 

prior to the eruption of the Columbia River basalt (Greenwood and Morrison 1973, 

Habeck 1972). 



47 

Along the Selway River, close to 1000 mm of precipitation falls amiually with values as 

high as 1800 mm in the central and Bitterroot portions of the wilderness, over 50% of this 

precipitation falls as snow (Finklin 1983). January is usually the wettest month with 

average precipitation ranging fix>m 75 mm to 250 mm (Finklin 1983). Late summer is the 

driest time of year with average monthly precipitation between 20 and 30 mm. Large 

thunderstorms are frequent in the SBWC, with a peak in activity during the early 

summer. Dry thimderstorms are common in the late summer and early fall. Monthly 

mean, daytime temperatures range from -IO°C in January to around 30°C in July and 

August. 

The fire season in the SBWC begins in the early simmier and may extend through 

September. Fire regimes are mixed, with infrequent, patchy stand-replacement fire 

dominant in upper elevation forests and frequent, lower severity, surface fire at lower 

elevations (Brown et sd. 1994). During years with extreme weather, stand-replacement 

fires are common across all elevations (Brown et al. 1994, Barrett and Amo 1991). 

Compilation and Analysis of Spatial Data 

Potential Vegetation 

Potential vegetation type (PVT) is used to describe biophysical characteristics of a site. 

This method is rooted in succession theory (Clements 1936), and is based on logic 

developed by Daubenmire (1968) and Pfister (1980) for describing the distribution of 

pl£int habitat across landscapes. PVTs are named for the plant association presumed to 
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exist in the absence of disturbance (Cooper et al. 1991). PVTs uniquely describe a 

biophysical setting and provide a direct method for classifying biophysical tessera on 

landscapes (Keane et al. 1999a). Though originally based on single-pathway succession, 

the concept remains valid for multiple pathway succession models (e.g. Noble and 

Slayter 1980, Fastie 1995). Potential vegetation is well suited to historical analyses 

because it integrates biophysical factors that are important to plant distribution and is 

based on well-foimded classification schemes. Existing vegetation maps represent a 

single moment in time, and classification schemes for mapping differ dramatically 

between agencies, areas, and individuals. 

The US DA Forest Service Fire Sciences Laboratory in Missoula, Montana provided maps 

of PVTs for both wilderness complexes. These classifications were based on geographic 

and topographic settings using a heuristic, rule-based approach (Keane et al. 1998, 

1999b). Rules for mapping PVTs in each wilderness were based on five GIS layers— 

geographic zone, existing vegetation, elevation, slope, and aspect. Using these layers, 

area ecologists and scientists formulated series of rules to assign PVT to different 

permutations of location and topography. These rules were incorporated into a 

classification model within a GIS to create raster maps of PVTs for each wildemess with 

a 30-m grid cell resolution. Thematic acciu^cy of these layers was determined by 

comparison with field data. Accuracies of PVT maps were 57% in the SBWC and 89% in 

the GALWC (Keane et al. 1998 and 1999b). Extensive fieldwork for other research 
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projects showed that, qualitatively, the PVT classes correctly represented the range of 

plant habitat and site conditions across each wilderness complex. 

Our only modifications of the provided data were to group the subalpine classes for the 

SBWC to form two new classes: lower subalpine and upper subalpine, and to subset PVT 

data to the extent of the each wilderness complex. Ponderosa pine occurs as a PVT in the 

GALWC, but not in the SBWC; however ponderosa pine may occur as a dominant serai 

tree in the Douglas-fir PVT in either study area. We excluded areas of development and 

water bodies from our analyses; these were insignificant portions of each study area (less 

than 1%). 

Fire Atlases 

Twentieth-century fire perimeters were obtained in digital form (or digitized) from 

archival fire data at the Gila National Forest Supervisor's Office for the GALWC and 

from the Bitterroot, Clearwater and Nez Perce National Forest Supervisor's Offices for 

the SBWC. Archives were compiled from old fire reports or operational fire perimeter 

maps. Although it is impossible to assess the map accuracy of these data completely, it is 

safe to assume that mapped fire perimeters are based on information intended to spatially 

represent the location, size and shape of fire events. Fires that are the most important 

financially, ecologically and socially are the most likely to be mapped (McKelvey and 

Busse 1996). This may bias the data toward large, high severity events. However, the 
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large fires usually comprise a very large proportion of the area actually burned (Strauss et 

al. 1989). 

Fire perimeters for the Gila/Aldo Leopold Wilderness Complex were digitized from one 

of two 1:126,000 'master' fire atlases. The perimeters were compiled as Arc/Info regions 

within a 5-km buffer around the Gila National Forest Wilderness District forming the 

boundary of the atlas. A 5-m buffer around the wilderness boundary was used for each 

study area, as this insured inclusion of the majority of fires that burned over the 

wilderness boundary. Most of the area included in the 5-km boundary was not densely 

roaded or harvested. Arc/Info 'regions' data architecture maximizes the possibilities for 

manipulating fire atlas data because the overlapping fire perimeters may be stored in a 

single database, while analyses involving areas of rebumed areas or individual fires are 

still possible. 

Archival data for the SBWC were obtained as Arc/Info CIS coverages from the 

Bitterroot, Clearwater and Nez Perce National Forests. Where duplicate fire perimeters 

existed, we included fires from the Nez Perce National Forest data because the Nez Perce 

National Forest administers the largest portion of the wilderness. This minimized error 

due to compiling data mapped with different strategies. In all cases, fires with perimeters 

truncated by ownership boundaries were discarded in favor of perimeters that were 

mapped across boundaries. A consequence is that a large portion of the 1910 and 1919 

fires (two of the largest fire years) were based on Clearwater National Forest maps. The 
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areas for both study areas, including the 5-km bu£fers, were 486,673 ha for the GALWC 

and 785,090 ha for the SBWC. 

We calculated fire rotations by PVT for three distinct time periods in each area: 1) the 

pre-modem suppression period (1909-1946 for the GALWC, 1880-1934 for the SBWC), 

2) the modem suppression period (1947-1974 for the GALWC and 1935-1974 for the 

SBWC), and 3) the wildfire use period (1975-1993 for the GALWC and 1975-1996 for 

the SBWC). The USDA Forest Service is currently updating archives in each wildemess 

complex to include fires through 2000. Temporal extents for different time periods were 

based on different fire suppression strategies in each area over time. Anthropogenic 

ignitions, fire suppression, and land use (e.g. mining and grazing) affected fire patterns 

far before the beginning of fire occurrence archives in our study areas. 

Time periods and Data Analysis Procedures 

We defined our pre-modem suppression period as the period before aerial operations 

greatly increased the ability to detect and suppress fires. Aerial retardant and 

smokejumpers were detailed to the Gila National Forest for the first time in 1947. This 

date delineated the beginning of the modem suppression period in the GALWC. Modem 

fire suppression technologies were implemented successfiilly for the first time in the 

Northern Rockies in 1935 (Pyne 1982, Brown et al. 1994, Moore 1996). This date 

marked the beginning of the modem suppression period in the SBWC. The smokejumper 

base at Nine Mile, Montana (60 air miles from the SBWC) began official operations in 
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1939, the aerial fire depot in Missoula, Montana has been in operation since 1954. Both 

study areas implemented prescribed natural fire management (now called wildfire use for 

resource benefit) plans in 1975; this date delineates the beginning of the wildfire use 

period in each area. 

Statistics compiled and reported include number of fires; mean, median, minimum, and 

maximum fire size; proportionately large fire years; fire rotations, and fire cycles. Size 

and fi^ctal dimension (a measure of shape complexity, Milne 1988) of indi\idual fires 

were computed to assess possible trends in fire size or shape. Two-sided Kolmogorov-

Smimov tests were used to assess differences in size distributions between time periods. 

Fractal dimension (£)) was calculated for every fire perimeter as: 

where p is the perimeter and a is the area of the fire (McGarigal and Marks 1995). We 

considered every individual polygon in the fire atlas as a separate fire. We used Kruskal-

Wallis Nonparametric ANOVAs to determine if size or fractal dimension of fires were 

significantly different among time periods. Cumulative distributions of proportional area 

burned were plotted from the fire atlases to identify changes in rates of burning over time 

in both wilderness complexes. 

We used annual area burned to calculate fire rotation by PVT and by time period. Fire 

rotation is based on the actual annual area burned (i.e. maps of complete fire perimeters). 
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We used the following formula to calculate fire rotation from the complete perimeter fire 

atlases: 

T FR = — 
P 

where T is the temporal extent of the fire atlas and P is the proportion burned for each 

PVT within the study area. That is, the total of all burned areas within a PVT as a 

proportion of the total area of the PVT. 

Fire cycle is estimated from the distribution of areas in a time-since-fire map (i.e. only 

perimeters that were not censored by subsequent fires). Time-since-fire maps were 

created for each study area and for each time period by collapsing each fire atlas into a 

single polygon layer reflecting only perimeters or portions of perimeters that had not 

been censored by a more recent fire (Johnson and Outsell 1994). Resulting polygons were 

assigned the year of the most recent fire. This results in a map similar to maps derived 

from photo-interpreted stands and stand age data. (e.g. Van Wagner 1978, Johnson and 

Larson 1991, Johnson and Outsell 1994). Using these maps, we calculated fire cycles 

using a maximum-likelihood estimate based on the truncated time-since-fire distribution 

of cumulative proportion burned, adapted from Johnson and Outsell (1994): 

b = 
N 

where b is the fire cycle, UT is the time-since-fire age, T, in which the data is truncated 

(84 years in the OALWC and 116 years in the SBWC) multiplied by the area, U, that 
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remained unbumed during the period covered by the fire atlas; is the time-since-fire 

age multiplied by the area in each age that did bum, r is the total number of time-since-

fire ages during the period covered by the atlas, and N is the total area bumed in the 

time-since-fire map. 

RESULTS AND DISCUSSION 

Fire rotations in each area differed between time periods defined by different fire 

suppression strategies. In the GALWC, fire rotations were long during the pre-modem 

suppression period, short during the modem suppression period, and shorter still in the 

wildfire use period. In the SBWC, fire rotations were short in the pre-modera 

suppression, very long in the modem suppression period, and short in the wildfire use 

period (Table 1). In general, fire fi-equencies were low in each area for the entire 20*'' 

century, relative to pre-EuroAmerican estimates in each area. 

Fire perimeter data extended from 1909 to 1993 in the GALWC and from 1880 to 1996 

in the SBWC (Figure 2). Mapped data indicated that 142,700 ha bumed in 220 fires in the 

GALWC and 545,229 ha in 524 fires in the SBWC. Including areas bumed multiple 

times, 30% of the GALWC and 70% of the SBWC bumed during the period of record. In 

the GALWC, 1909, 1946, 1951, 1985, 1992, and 1993 were the years with the most 

extensive areas bumed (Figures 2 and 3), and accounted for 72% of the total area bumed 

in the 94-year record. In the SBWC the year with the largest areas bumed were 1889, 

1910, 1919, 1929, 1934, and 1988 (Figiu-es 2 and 3), accounting for 75% of the total area 

recorded in the 116-year fire atlas. 
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Archived fire perimeter data represented only a small proportion of the small fires that 

actually occurred. Comparison of the fire atlases from each wilderness complex and the 

National Interagency Fire Management Integrated Database (NIFMID, extends from 

1986-1999) indicated that 0.13% and 0.32% of the fires less than 10 ha were accounted 

for in the fire atlases from the GALWC and SBWC respectively. However, nearly 80% of 

the small fires not accounted for in each fire atlas were less than 1 ha. While these small 

fires are ecologically significant at local scales, our fire atlases account for a large 

proportion of area bumed in landscape-scale fires. In the GALWC, 85% of the fires over 

100 ha are included in the fire atlas. The fire atlas from the SBWC contains 76% of the 

fires over 100 ha recorded in the NIFMID data. Number of fires is not as important as 

total area for the fire frequency analyses presented in this paper. In the GALWC, 99% 

and in the SBWC 93% of the total area bumed in the NIFMID data was accounted for in 

the corresponding fire atlases. While correspondence between two independent fire 

databases is not as high as might be desired, our mapped time-series of fire perimeters are 

at least as good as other sources of fire history data (e.g. stand age based estimates), 

particularly for large, landscape-scale fires. Additionally, our data provide spatially 

explicit fire perimeters for individual fires. 

Fire Size and Shape 

Size distributions of fires were heavily skewed, with many large and few small fires 

(Figure 4). Variability in fire size was highest during the modem suppression period in 
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the GALWC and during the fire management period in the SBWC (Table 2). These 

periods are distinguished in that they were each dominated by one or two large fire years. 

In the GALWC, large fires in 1951 and 1953 burned 89% of the total area burned during 

the modem suppression period, and the maximum fire size occurred during this time 

period. Large fires in 1988 were responsible for 44% of the area burned during the 

wildfire use period in the SBWC. The largest fire in the wildfire use period was one-fifth 

the size of the largest fire in the pre-modem suppression period. In each wilderness 

complex, large fire years during periods with the highest variability burned primarily in 

upper elevation forests. This probably results from a combination of dry conditions 

during these years and the difficulty of suppressing fires in subalpine and mixed conifer 

forests during extreme fire weather. Although size distributions between time periods and 

between areas were not significantly different (Two-sample KS-Tests, P > 0.05), it is 

important to note that the period of record in the fire atlases was probably too short to 

fiilly assess the effect of shifting size distributions on landscape patterns or ecosystem 

processes. 

Fire shape and size showed little evidence of trend over the period of record (Figure 5) 

Kruskal-Wallis tests for differences in medians between fire sizes and shapes in different 

time periods indicated no difference in either wilderness complex (P > 0.05). In the 

GALWC, mean fire sizes were large in the modem suppression and wildfire use periods 

and small during the pre-suppression period. In the SBWC, mean fire size was large in 
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the pre-modem suppression period, small during the modem suppression period, and 

relatively larger during the wildfire use period (Table 2). 

We expected that a trend toward less complex fire perimeters (i.e. a lower fractal 

dimension) would occur with higher levels of fire suppression. We hypothesized that fire 

shape would be most complex in the pre-modem suppression period and least complex 

during the modem suppression period. Increases in fire shape complexity between time 

periods may suggest that fires were burning in more complex patterns, or that the spatial 

patterns of fires were mapped more precisely. The overall lack of a trend in the shape of 

fires may be a bias of the digitizing process. As mapped data are digitized, there is a 

reduction of precision from the original data. As data are manipulated and re-projected, 

mapping precision decreases. However, this effect is small if users pay careful attention 

while digitizing or manipulating data. 

Temporal Patterns of Fire 

Pre-Modem Suppression Period 

Six percent of the 486,673-ha GALWC burned during the pre-modem suppression 

period. In contrast, 49% of the 785,090-ha SBWC burned. Relative to estimates of pre-

EuroAmerican fire frequencies, fire rotations were long in the GALWC and short in the 

SBWC (Tables 1 and 2). In each area, the rates of burning were fastest and most 

prolonged during the pre-modem suppression period (Figure 2). 
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Area burned between 1909 and 1942 was low in the GALWC compared with estimates of 

pre-EuroAmerican area bumed from Swetnam and Dieterich (1985) and Abolt (1996). 

This was very probably due to a reduction of fine fuels by intense overgrazing by sheep 

and cattle in the late 19*'' century through the middle 20"* century (Swetnam and Dieterich 

1985, Savage and Swetnam 1990, Abolt 1996). At the turn of the century, Rixon (1905) 

reported that the area encompassing the current Gila National Forest was very heavily 

grazed. Swetnam and Dieterich (1985) suggest that fires over 1200 ha bumed with 10-15 

year fire return intervals in the ponderosa pine and Douglas-fir forests of the Gila 

Wilderness during the l?"*, 18"*, and 19"* centuries, and have suggested this as a goal for 

fire management. 

Area bumed in the SBWC was high in the late 19"' and early 20'*' centuries. Grazing was 

not as prevalent in the SBWC as in the GALWC. The east-facing slopes of the Bitterroot 

Mountains and low-elevation benches along the Selway River experienced domestic 

grazing fi-om the mid-1800s to the mid-1900s, but the majority of the SBWC was so 

remote that little if any grazing occurred and there is little evidence that grazing affected 

fire frequencies in these areas to the same extent as in the southwestem United States. 

Anthropogenic ignitions, both pre and post-EuroAmerican settlement were important 

factors in fire frequencies of lower elevation forests in the Northern Rocky Mountains 

and the SBWC (Barrett and Amo 1982, Pyne 1982, Gruell 1985, Phillips 1985, Moore 

1996). Estimates of 17''', 18"', and 19"* century fire intervals for the Selway-Bitterroot 

Wilderness Area have ranged from 17 years for surface fire in ponderosa pine forests 
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(contained within the Douglas-fir PVT) to 197 years for stand-replacing fire in western 

redcedar forests (Barrett and Amo 1991, Brown et al. 1994). 

Low elevation PVTs burned far more than expected based on previously published, pre-

EuroAmerican fire histories (Figure 7). During the pre-modern suppression period, only 

3,463 ha of the western redcedar PVT remained unbumed (13% of the entire western 

redcedar PVT), while 40% and 44% of this PVT burned once and twice. For a temporal 

extent of 54 years, a fire rotation of 41 years is an extremely rapid rate of burning in this 

type relative to fire frequency reconstructions for previous centuries (Barrett and Amo 

1991, Brown et al. 1994). Indeed, many of these Pacific maritime forests that burned and 

rebumed in 1910 and 1919 show little sign of returning to a forested condition, even after 

80 years. In subalpine forests (70% of the area of SBWC), fire rotations for the pre-

modem suppression period ranged from 117 to 191 years. These rotation periods are 

short relative to mean fire return intervals reported in previous research in the SBWC 

(Barrett and Amo 1991 and Brown et al. 1994). The entire SBWC experienced a great 

deal more fire in the early 20*** century than would be expected based on previously 

published fire regime descriptions. This is likely due to a combination of rates of natural 

and anthropogenic ignition and seasonal drought during extreme fire years (Moore 1996, 

Larsen and Delaven 1922). 
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Modem Suppression Period 

The modem suppression period was characterized by an almost complete lack of fire in 

the SBWC and reduced burning in the late-1950s and 1960s in the GALWC (Figures 2, 

6, and 7). High elevation fires burned 7% of the 486,673 GALWC, a larger proportion 

than bumed during the pre-modem suppression period. Proportions of PVTs burned were 

shifted toward high elevation forests in the GALWC (Figure 6 and 7). Less than 1% 

percent of the 785,090-ha SBWC bumed during the modem suppression period. Fire 

rotations were long during the modem suppression period in each wildemess complex 

with the exception of the mixed conifer PVT in the GALWC. 

The modem suppression period in the GALWC was characterized by large fluctuations in 

annual area bumed. Rates of burning were rapid during the first half of the modem 

suppression period and slow during the last half (Figure 2). Advances in fire suppression 

technology following World War II (Pyne 1982) were first implemented in the GALWC 

in 1947, with reconnaissance and suppression efforts operating from an aerial fire depot 

in Silver City, New Mexico. Aggressive suppression efforts appear to have reduced the 

amount and rate of burning in the GALWC from 1958 through 1978 (Figure 2). 

The fire atlas for the SBWC shows an almost total lack of mapped fire from 1935 through 

1979. In the SBWC fire rotations ranged from 1,967 years in high elevation rock/alpine 

to 396,498 years in the western redcedar PVT in the SBWC (Table 3). After 1934, annual 
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area burned in the SBWC was reduced dramatically, with few mapped fires from 1935 to 

1970. This is reflected by long fire rotations (Table 3) and is likely due to a lack of 

personnel for observing remote fire events during World War II, and an extended period 

of modem and aggressive fire suppression after World War II. After 1948 there were two 

major aerial fire depots on either side of the SBWC that served as headquarters for 

smokejumpers, aerial reconnaissance and aerial fire retardant application (Pyne 1982). 

Wildfire Use Period 

After the implementation of prescribed natural fire management in 1975, each study 

area showed moderately increased rates of burning (Figure 2). During the wildfire use 

period 16% of the GALWC and 10% of the SBWC burned. Fire rotations were 121 

years and 218 years, respectively, for the GALWC and SBWC (Table 1). With the 

exception of the upper elevation PVTs in the GALWC, the proportional area of PVTs 

burned increased (Figure 6 and 7), and fire rotations decreased relative to the modem 

suppression period (Table 3). Fire rotations ranged from 74 years in the ponderosa 

pine PVT to 4,324 years in the desert/shniblands PVT in the GALWC. Fire rotations 

in the SBWC ranged from 77 years in the persistent shrublands £dong the main stems 

of the Lochsa and Selway Rivers to 361 years in upper subalpine PVTs (Table 3). 

The amount and rate of burning in the GALWC increased in Douglas-fir and 

ponderosa pine PVTs during the wildfire use period (Figure 2, 6, and 7 and Table 3), 

even though yearly conditions were the wettest in the 20"' century (Swetnam and 
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Betancourt 1998). Fires were large, with 10 fires over 1000 ha in the ponderosa pine 

and Douglas-fir PVTs. These fires were primarily managed as low intensity, 

prescribed natural fires. Fires were largely absent at higher elevations with a fire 

rotation of 998 in the spruce/fir PVT. Fire rotation during the fire management period 

in the spruce/fir PVT was the longest of any time period. It appears that prescribed 

natural fire management has reduced the length of fire rotations in the mid-elevation 

forests but lengthened fire rotations at high elevations of the GALWC relative to the 

previous time periods. During the wildfire use period, 13,850 ha of the GALWC 

burned multiple times (Table I). 

The wildfire use period in the SBWC was characterized by more fire than in the 

modem suppression period, particularly in subalpine forest PVTs (Figures 2 and 7 

and Table 3). Fire rotations during this period were an order of magnitude shorter 

than during the wildfire use period. Further, as Brown et al. (1994) found, less area 

has burned during recent years than would be expected under pre-EuroAmerican fire 

regimes, especially at upper elevations. It is important to note that the recent period 

includes 1988, where several large wildfires bumed extensive areas in upper elevation 

forests. Aggressive attempts were made to suppress these fires. 

Fire-Climate Patterns 

In each area, close to 70% of the total area bumed was attributed to the six largest fire 

years (Figure 2). In general, large fire years corresponded with regional drought 

periods (Larsen and Delavan 1922, Amo 1980, Swemam and Baisan 1996b, Barrett et 
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mean fire sizes indicating the heavily-skewed size distributions in each area (Table 

2). This indicates that, at least during the 20"* century, total area burned at landscape 

scales was heavily dominated by large, relatively rare fire events that appear to 

correspond with seasonal climate patterns at regional scales. 

Climate was variable during the 1960s and 1970s in the southwestern United States 

(Swetnam and Betancourt 1998, Cook et al. 1999). From 1942 through 1958, 

however. New Mexico experienced the worst period of prolonged drought since 1580 

(Swetoam and Betancourt 1998). This period was associated with a large increase in 

the amount and rate of burning in upper elevations of the GALWC (Figure 2 and 6) 

and across the American Southwest (Swetnam and Betancourt 1998). The largest fire 

years in the GALWC, 1946, 1951, 1953, and 1956, correspond with notable drought 

years (Swetnam and Betancourt 1998). This period included the 1951 McKnight fire, 

the largest fire in the record. The McKnight fire and the 1953 Lookout Canyon fire 

burned 19% of the mixed conifer forests in the GALWC. Based on pre-

EuroAmerican fire interval reconstructions by Abolt (1996), the amount and rate of 

burning in upper elevation forests in the GALWC during the 1950s drought was more 

rapid than at any time during the last three centuries. 

The largest and third largest fire years, 1993 and 1992, in the GALWC were two of 

the wettest years in the 20"* century (Swemam and Betancourt 1998). However, the 

summers during these years were relatively dry and the largest fires were actively 



managed as prescribed natural fires. Most of the large, fires in 1992 and 1993 were 

surface fires that burned with generally low severities over most of the burned area 

(Lawrence Garcia, Gila National Forest Wilderness fuels technician, personal 

communication). In contrast, large fires in 1951 and 1953 were high-severity fires 

that burned primarily in upper elevation forests and correspond with the most severe 

period of drought in the American Southwest since 1580 (Swetnam and Betancourt 

1998). Aggressive attempts failed to suppress the large fires in 1946, 1951, and 1953 

(Lawrence Garcia, Gila National Forest fuels technician, personal communication). 

In the northern Rocky Mountains, the great fires of 1910 burned in August and 

September and were the result of a wet winter followed by an abnormally dry spring 

and summer (Larsen and Delavan 1922). Large areas of the 1910 fires rebumed in 

subsequent years (Table 2). Large fire years in 1917, 1919, 1929, 1934, and 1988 

correspond with dry summers (Larsen and Delavan 1922, Barrett et al. 1997, 

Appendix B). 

Fire Frequency Metrics 

Fire atlases are valuable for describing fire patterns at broad spatial and temporal 

scales, despite limitations imposed by spatial error, limited temporal extent, and 

limited thematic data (i.e. no information on internal unbumed areas and fire severity 

pattems). Fire intervals, fire rotations, and fire cycles estimated fi*om 

dendroecological reconstructions and calculated from fire perimeter data are difficult 

to quantitatively compare. In dendroecological analyses only the relative spatial 
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extent of wildfires can be estimated from spatial and temporal arrays of point 

locations or by existing forest patterns. Digital fire atlases, on the other hand, provide 

explicit estimates of the areal extent of past fires. 

In our case, fire rotations and fire cycles were calculated based on the actual areal 

extents of fires across broad-scale landscapes. For an equivalent spatial extent, fire 

rotations calculated using a relatively short time series of digital fire atlas data will 

tend to be longer than dendroecological estimates of mean fire interval due to the 

spatial characteristics of dendroecological sampling and the short temporal extent of 

fire atlas data. We find this to be true in the GALWC where we have actual locations 

of previously published fire history sites from Swetnam and Dieterich (1985) and 

Abolt(1996). 

From an interpretive, fire management standpoint, our estimates of fire cycle and fire 

rotation were identical. Calculated values of fire rotation and estimates of fire cycle 

were very similar, with the exception of the pre-suppression period in the GALWC (a 

discrepancy of 80 years). Fire rotation is a more reliable descriptor of fire patterns in 

our case because it explicitly incorporates areas of rebum, while fire cycle is a less 

direct estimate, using a statistical distribution of areas from a time-since-fire map. 

Discrepancies between the estimates of fire rotation and fire cycle were due to the 

timing of rebum during the time period and the method for weighting the time-since-

fire area bumed in the truncated fire cycle equation. The fire rotation or fire cycle 

approaches yield identical results where fire perimeters are mapped over time. Our 
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comparisons show that the time-since-fire/fire cycle methodology yields valid 

rotation periods when fire perimeters are represented explicitly. In dendroecological 

research, where fire perimeters are relativistic estimates, the time-since-fire approach 

is only useful where stand boundaries accurately represent the patterns of historical 

fires (i.e. stand-replacing fire regimes). In fire regimes with extensive low-to-

moderate intensity fires, or where disturbance interactions and ecological gradients 

contribute significantly to indistinct stand boundaries, time-since-fire maps cannot be 

accurately constructed. 

In the GALWC, fire rotations would be much longer without the large fire year 

during the 1950s drought and large prescribed fires in 1992 and 1993. At this reduced 

rate of burning, ponderosa pine forests are likely to convert toward more shade-

tolerant species in PVTs that support shade tolerant species (e.g. Douglas-fir PVTs). 

Fuel build-up and stand homogeneity are likely to increase across the entire area. Our 

data only include 18 years of prescribed natural fire management in the GALWC, and 

fire rotations, at least in certain forest types, have become much shorter in recent 

years. In mixed conifer and spruce/fir forests, however, fire was largely absent from 

1953 to 1993. Because of fuel build-up, these high elevation forests may be at the 

highest risk of unusually large, severe fires without some kind of pro-active 

management action to alleviate the effects of 50 years of fire suppression. 

Fire rotations for the entire period of record in the SBWC are largely based on the 

49% of the study area that bumed between 1880 and 1934, an indication of how fire 



67 

metrics like fire rotation and fire cycle are affected by rare, extreme events that occur 

during a specific period. If 1988 is dropped from the record, fire rotations for the 

wildfire use period increase dramatically, especially in subalpine forest PVTs (70% of 

the SBWC). In lower subalpine forest PVTs during the wildfire use period, fire 

rotation is 230 years with 1988 in the record. Without 1988, fire rotation increases to 

520 years for this period. The pattern is the same in upper subalpine PVTs with fire 

rotations of 361 with 1988 and 852 without 1988. Middle and high elevation forests 

on mesic sites are probably at the highest risk of future fire. If the trends in rate and 

extent of fires from 1935 through 1996 continue, the forests of the SBWC will 

become more densely stocked and homogeneous, leading to higher fire risks in all 

forest types. 

CONCLUSION 

Our reconstructions of 20*'' century fire patterns show large variations in the areal 

extent and rates of burning across different forest types in both study areas. In some 

cases, the size and extent of fires were reduced relative to pre-EuroAmerican 

estimates (e.g. the pre-modem suppression period in the GALWC). In others, fire 

occurred at a much more rapid rate compared to pre-EuroAmerican estimates (e.g. the 

pre-modem suppression period in the SBWC). Despite the lack of statistically 

significant differences in fire size and shape, our fire atlases show that the amount 

and rate of burning changed dramatically with different fire management strategies 

and a variable climate. Shif^ in the size distribution of fires and rates of burning over 

long periods of time can change the patch dynamics of landscapes (Pickett and White 
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1985, Clark 1991). Despite limitations in spatial and temporal resolution, digital fire 

atlases are a valuable tool for providing contextual information on fire patterns for 

use in efforts to re-introduce fire as an ecosystem process in both wilderness 

complexes and managed landscapes. Our analyses of fire patterns in two large, 

disparate wilderness complexes provide contextual information on fire patterns in 

both areas. These data may be used to assess the successional status of forests within 

each wilderness and to gauge the effects of continued fire suppression on adjacent or 

similar landscapes without fire management programs based on wildfire use. 
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Table 1 - Fire rotation, fire cycle, area and percent rebumed for each time period. 

Values for the entire time period are shown in bold. 

Gila/Aldo Leopold Wilderness Complex 

Time period Fire 
rotation (yr) 

Fire 
cycle (yr) 

Area of 
rebura (ha) 

% area 
bumed that 
rebumed 

AH Yr 289 290 39,559 28 

Pre-modem suppression 
1909-1946 

580 659 4,693 15 

Modem suppression 
1947-1974 

396 395 285 1 

Wildfire use 
1975-1993 121 117  13,850 18 

Selway-Bitterroot Wilderness Complex 

Time period Fire 
rotation (yr) 

Fire 
cycle (yr) 

Area of 
rebum 
(ha) 

% area 
bumed that 
rebumed 

All Yr 194 197 103,973 22 

Pre-modem suppression 
1880-1934 

110 102 75,502 20 

Modem suppression 
1935-1974 

3,888 3,883 29 0.5 

Wildfire use 
1975-1996 218 214 3,546 4 
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Table 2 - Mean, median, minimum, and maximum fire sizes (ha) and mean fractal 

dimensions for all yr and pre-suppression, wildfire use and fire management time 

periods for each study area. Values for the entire time period are shown in bold. 

Gila/Aldo Leopold Wilderness Complex 
Mean 

fire size 
Median 
fire size 

Standard 
error 

Minimum 
fire size 

Maximum 
fire size 

Mean 
fractal 

dimension 

All Yr 648 939 137 2 19,446 1.21 

Pre-modem 
suppression 
1909-1946 
Modem 
suppression 
1947-1974 

441 

769 

133 

68 

lOI 

457 

2 

14 

5,166 

19,446 

1.21 

1.21 

Wildfire use 
1975-1993 744 110 208 10 17,945 1.21 

Selway-Bitterroot Wilderness Complex 
Mean 

fire size 
Median 
fire size 

Standard 
error 

Minimum 
fire size 

Maximum 
fire size 

Mean fractal 
dimension 

All Yr 1,153 136 224 2 52,223 1.22 

F're-modem 
suppression 
1880-1934 
Modem 
suppression 
1935-1974 

1,321' 

269 

133 

159 

288 

55 

2 

7 

52,223 

1,209 

1.22 

1.21 

Wildfire use 
1975-1996 

730 154 1,819 2 10;219 1.22" 

a Pre-suppression fire size is significantly larger than the two following periods (Two Tailed T-Test, 
P < 0.05). 

b Fire shapes in the fire management period were significantly more complex than fire shapes 
during fire control period (Two Tailed T-Test, P < 0.05). 
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Table 3 - Fire Rotations for PVTs for the entire period of record and three different 

time periods representing different fire management scenarios. Values for the entire 

areas are shown in bold. 

Gila/Aldo Leopold Wilderness Complex 
Potential 

vegetation type 

Entire time 
period 

1909-1993 

Pre-modem 
suppression 
1909-1946 

Modem 
suppression 
1947-1975 

Wildfire use 
1976-1993 

desert scrub/ 
grassland 
pifion/oak/ 
Juniper 

15,753 

540 

120,514 

1,156 

40,782 

1,182 

4,324 

188 

ponderosa pine 200 382 410 74 

Douglas-fir 180 353 205 84 

mixed conifer 245 612 145 207 

spruce/fir 537 508 435 998 

Selway-Bitterroot Wilderness Complex 
Potential 

vegetation type 

Entire time Pre-tnodem Modem Wildfire use 
1976-1996 

Potential 
vegetation type 

period 
1880-1996 

suppression 
1880-1934 

suppression 
1935-1975 

Wildfire use 
1976-1996 

western redcedar 368 41 396,498 359 

persistent 
herbiands 

80 79 4,167 77 

grand fir 384 66 7,380 267 

Douglas-fir 169 104 4,704 140 

lower subalpine 519 1 1 7  3,651 230 

upper subalpine 852 191 3,361 361 

rock/alpine/barren 371 295 1,957 164 



Sa/way-Bitterroot 
Wlderness Complex .. 

79 

Developed lands 

Western redcedar 

Persistent herblands 

Gila/A/do Leopold 
Wilderness Complex 
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Figure I. Study areas: The Gila/Aldo Leopold and Selway-Bitterroot Wilderness 

Complexes. Colors represent different potential vegetation types (PVTs). PVT data 

were provided by the USDA Forest Service Fire Science Laboratory in Missoula, 

meeting 
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Figure 2. Area burned and cumulative distributions of area burned over time for each 

study area. Cumulative distributions were based on proportion of area burned during each 

year relative to the area of the wilderness complex. Lines were fit to indicate different 

rates of burning for each time period. Steeper slopes represent faster rates of burning. 
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Figure 3. Six largest fire years in each study area. These fires were responsible for 72% 

and 7 5% of the area burned in the GAL We and SB We, respectively, during the period of 

record. 
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Figure 5. Size and fractal dimension of individual fires over time. With a few exceptions, 

fires under 20 ha in size are not included. Fractal dimension ranges from 1 to 2 and is a 

description of shape complexity. Neither fire size nor shape showed an overall trend with 

time. 
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Figure 6. Proportional distributions (bars) and cumulative distributions (lines) of area 

burned over time. Area is represented as percentages to facilitate comparison between 

types and between areas. Note that percent of area burned in western redcedar in the 

SBWC exceeds 100%, this is a result of extensive re-bumed areas. 
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ABSTRACT 

Topography, vegetation, and climate act together to determine fire patterns at landscape 

scales. However, our knowledge of fire-landscape-climate relations at these scales 

(1,000s ha to 100,000s ha) is limited, and is largely based on point estimates of fire 

history (i.e. tree-ring reconstructions or fire location databases). In this study we use long 

time series of fire perimeter data (fire atlases), along with data for topography, 

vegetation, and climate, within a geographic information system to assess relationships 

across landscape-scale gradients in the 486,673-ha Gila/Aldo Leopold Wilderness 

Complex (GALWC) in New Mexico and the 785,090-ha Selway-Bitterroot Wilderness 

Complex (SBWC) in Idaho and Montana. Comparisons of distributions of landscape 

variables for different fire frequency classes show important similarities and differences 

between fire-landscape relations in these contrasting wilderness complexes. Elevation 

ranges with the highest fire frequencies differed between areas, but ponderosa pine and 

Douglas-fir forests dominated at these elevations in each area. Fire-aspect relations were 

opposite between areas. These results suggest that the amount and horizontal continuity 

of fme fuels limit the frequency and spread of surface fires in the GALWC, while the 

moisture status of large fuels and crown fuels limits the frequency of moderate-to-high 

severity fires in the SBWC. Despite different climate regimes the most extensive fires 

occurred during drought years. Fire-climate relations in mixed conifer and spruce/fir 

forests in the GALWC and SBWC were similar. Empirically described spatial and 

temporal relationships between fire, landscape attributes, and climate advance our 

understanding of the interactions among these variables. This information may also be 
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useful for parameterizing mechanistic ecosystem models used for exploring landscape 

changes under different climate and fire regimes and for defining fire regimes as 

continuous variables instead of discrete classifications. Our evidence provides a basis for 

fire management planning over broad spatial and temporal scales in each wilderness 

complex. 
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INTRODUCTION 

Fire frequency, severity, and size affect the composition, structure, and successional 

trajectories of forests of the Rocky Mountains (Habeck and Mutch 1973, Amo 1980, 

Romme and Knight 1981, Romme 1982, Johnson 1992, Agee 1993, Turner et al. 1997). 

At fine spatial and temporal scales (individual trees and forest stands, seconds to hours) 

the physics of fire spread are well known (Rothermel 1983, Finney 1998, Perry 1998). At 

broad scales (regions, centuries, and millennia) the climatic and anthropogenic 

constniints on fire frequency have been documented in many studies (Barrett and Amo 

1982, Gruell 1985, Swetnam and Betancourt 1990, Swetnam 1993, Barrett et al. 1997, 

Swetnam and Betancourt 1998). Few studies, however, have empirically determined the 

factors that determine spatial and temporal fire patterns at landscape scales, 1,000s to 

100,000s of ha (e.g. Pickford et al 1980, Engelmark 1987, Chou et al 1990, Renkin and 

Despain 1992, McKelvey and Busse 1996, Kushla and Ripple 1997). Knowledge of the 

variables that determine the spatial and temporal patterning of fire is important for 

modeling fire effects under changing climate regimes, mapping departures from pre-

Euro American fire regimes, for planning the re-introduction of fire as an ecosystem 

process, and for assessing the likelihood of future fires. 

The scarcity of these data limits quantitative understanding of modem fire regimes and 

landscape response in a historical context. Time-since-fire maps compiled using stand 

age data are useful for exploring landscape-fire relationships (e.g. Johnson and Van 

Wagner 1985, Johnson and Outsell 1994), as are regional compilations of fire history 
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from fire-scarred trees (Swetnam and Betancourt 1993, Swetnam and Betancourt 1998). 

Where they exist, compiled time series of mapped fire perimeters (fire atlases) 

complement and extend our knowledge of the complex interactions between fire, 

vegetation, topography, and climate. Lack of knowledge of fire-landscape-climate 

interactions hinders efforts to assess long-term consequences of fire management 

strategies that involve both wildfire use and fire suppression (Kaufi&nan et al. 1994, 

Jensen and Bourgeron 1993). The increasing demand for information on the frequency of 

fire in wilderness and other areas is a direct consequence of fire management strategies 

focused on restoring fire to its natural role, for assessing broad scale fire hazard, and for 

strategic fire suppression planning. Accelerated research programs are needed to assess 

the threats facing wilderness areas (Cole and Landres 1996). Spatial information on 

landscape-fire frequency linkages is needed to inform and guide efforts to restore fire to 

its natural role. 

Topography (elevation, slope, and aspect) influences fire occurrence and effects at 

landscape to regional scales (Agee 1993). Mechanistic relationships between topography 

and fire behavior are well known for individual fires at local spatial scales (Albini 1976, 

Rothermel 1983). Much less is known about how topography affects fire frequency at 

landscape and decadal to centennial scales. Mountain ranges affect large air masses 

orographically, increasing precipitation and changing the timing and severity of storms 

and contributing to the potential for ignition of fires by lightning (Schroder and Buck 

1970, Fuquay et al. 1979). Temperature and water availability change with elevation. 
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contributing to shiAs in vegetation (Whitaker and Niering 1965, Stephenson 1990). 

Elevation defines forest composition at local to landscape scales. 

Slope angles affect fire spread by increasing the efficiency of radiant and convective 

energy transfer fi-om flaming fi-onts to upslope fuels (Albini 1976, Rothermel 1983, Agee 

1993, Finney 1998). Aspect affects fuel moisture status by determining solar irradiance 

(Frank and Lee 1966, Waring and Ruiming 1998). Southwestern aspects tend to have 

higher irradiance and dryer conditions, however, the lack of sufficient fuels on these 

slopes may limit fire ignition and spread. Northeastern aspects are more productive than 

other aspects in general, and in fuel limited ecosystems, may have the fuel continuity 

necessary for fire spread (Agee 1993). 

Martin (1982) defines a graphical model where, along an elevational gradient, the highest 

fire frequencies are found where neither moisture nor fuel continuity are limiting. Barton 

(1994) showed that at the lowest and highest elevations, forests in the southern Rocky 

Mountains are fiiel and moisture limited, respectively, leading to lower fire frequencies. 

The highest fire frequencies are found at middle elevations where conditions are dry 

enough and fuels continuous enough to facilitate fire ignition and spread. Martin's (1982) 

model is largely hypothetical, and gradient analyses supporting the model have never 

been conducted using spatially explicit (i.e. mapped) fire fi^quency and size data. 
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To evaluate relations between landscape gradients and fire history we analyzed long-time 

series of fire perimeter data (fire atlases) along landscape-scale topography and potential 

vegetation gradients in the 486,673-ha Gila Aldo Leopold Wilderness Complex 

(GALWC) in New Mexico and the 785,090-ha Selway-Bitterroot Wilderness Complex 

(SBWC) in Idaho and Montana. Our objectives were to quantitatively determine how fire 

frequency is related to topography and vegetation using a GIS containing spatially and 

temporally continuous data for fire frequency, topography, and potential vegetation type. 

In a separate paper we focus on describing the amount and rate of burning over time in 

our study areas (Appendix A). We use the unique approach of comparing results between 

two, regionally distinct study areas. Similarities and differences between areas provide 

opportunities to generalize our findings or to identify specific, unique patterns and 

thereby strengthen our inferences about how landscape factors determine fire frequency. 

Understanding interactions between landscape patterns and ecosystem processes is a 

main focus of landscape ecology, and is valuable for managing landscapes with an 

ecosystem perspective (Turner et al. 1995, Christensen et al. 1996). Analyses of long 

time-series of spatial data over broad areas are rare, and have been identified as a main 

challenge for landscape ecology and ecosystem management efforts (Kaufinaim et al. 

1994, Turner et al. 1995, Christensen et al. 1996). In order to interpret relationships 

between landscape patterns and ecosystem processes, ecologists and natural resource 

managers need to compare results along environmental gradients and between regions 

with broad spatial and temporal perspectives (Landres et al. 1999). Pattern-process 
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relationships along broad gradients can provide a basis for extrapolation of results to 

unsampled areas. 

STUDY AREAS 

Gila/Aldo Leopold Wilderness Complex 

The 486,673-ha Gila/Aldo Leopold Wilderness Complex (GALWC, Figiu-e 1) 

encompasses the headwaters of the Gila River, the Mogollon Mountains, and the Black 

Range 70 km north of Silver City, New Mexico and is made-up of wilderness and non-

wildemess portions of the Gila National Forest and the Gila Cliff Dwellings National 

Monument. Elevations range from 1300 m near the main stem of the Gila River to 3300 

m on top of the Mogollon Mountains. The Aldo Leopold Wilderness portion is rugged, 

with elevations ranging from 1500 m near the Mimbres River to 2900 m on McKnight 

Mountain in the Black Range. Parent material of the GALWC results from volcanic 

events in the late Cretaceous (USGS 1965). The Gila Conglomerate, a tertiary 

sedimentary formation, is exposed in tall, pinnacle-like rock formations along the Middle 

and East Forks of the Gila River. 

Annual precipitation varies from 250 mm to 760 mm in the mountain ranges (Beschta 

1976). Precipitation over the year is bi-modal, with a wet period from December to 

March and monsoonal storms from the Gulf of Mexico, occurring between July and 

September. Mean daily temperatures vary from below freezing in the winter to extremely 

hot in the middle summer (30 °C). Thunderstorms are common in the summer months. 
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resulting from rapid lifting of moist air masses from the Gulf of Mexico. Fire season in 

the GALWC begins as early as April and extends through September. Spring conditions 

are usually dry with thunderstorm activity increasing in early July. The GALWC is 

dominated by low-severity (low forest mortality) surface fire regimes with mixed severity 

regimes found at upper elevations (Swetnam and Dieterich 1985). During dry years of the 

20"' century, fire behavior has been extreme with stand-replacing fire common across all 

elevations. The GALWC has perhaps the highest level of lightning-caused fire 

occurrence in the nation, with an average of 5 lightning-caused fires per 100 ha per year 

(Barrows 1978, M. G. Rollins, unpublished data). 

At upper elevations forests of the GALWC are comprised of mixed stands of Douglas-fir 

(Pseudotsuga menziesii), southwestern white pine {Firms strobiformis), Englemann 

spruce (Picea engelmannif), subalpine fir (Abies lasiocarpa), white fir (Abies concolor), 

and aspen (Populns tremuloides). At middle elevations, ponderosa pine (Pinus 

ponder osa) stands cover extensive mesas above the west and middle forks of the Gila 

River. These stands convert to pifion-oak-juniper woodlands (Pinus edulus Englemannii, 

Juniperus deppeana, and J. monosperma, and Quercus spp.) as elevation decreases. 

Pinon-oak-juniper woodlands and ponderosa pine forests make up the largest proportion 

of the GALWC (21% and 23% respectively). Broad valleys at the lowest elevations 

support desert scrub and grasslands (Ceanothus, Artemisia, and Yucca spp.) 
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Selway-Bitterroot Wilderness Complex 

The Selway-Bitterroot Wilderness Complex (SBWC) in Idaho and Montana (Figure I) is 

a 785,090-ha wilderness area, second in size (in the conterminous United States) only to 

the adjacent Frank Church River-of-No-Retum Wilderness in Idaho. The area is 

characterized by extremely rugged terrain with broad topographic variation. Portions of 

the wilderness are found on the Bitterroot, Clearwater, Lolo and Nez Perce National 

Forests. 

The eastern portion of the wilderness consists of the Bitterroot Mountains. These large 

(3,000+ m), granitic mountains follow the eastem boundary of the wilderness for 70 km 

and make up most of the upper subalpine and alpine forest ecosystems of the SBWC. 

East/west-oriented glacial valleys dissect the mountains to valley bottoms as low as 1,000 

m. The central/southern portion of the wilderness comprises the majority of the Selway 

River basin. This area consists of rugged terrain with complex high ridges dissected by 

steep canyons as low as 500 m. The northwestern portion of the wilderness falls within 

the Lochsa River drainage with high mountains (the Clearwater Mountains) and forested 

valleys with over 1,500 m of relief. Mountainous geology of the SBWC is characterized 

by granitic rock, shaped by Pleistocene glaciation. Lower elevations are dominated by 

substrate formed in a series of volcanic events during the Mesozoic and Cenozoic periods 

(Greenwood and Morrison 1973). The canyons and valleys of the central Selway and 
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Clearwater River drainages were dissected prior to the eruption of the Columbia River 

basalt (Habeck 1972). 

Average precipitation in the SBWC is quite high. Along the main stems of the Lochsa 

and Selway Rivers close to 1000 mm of precipitation falls annually, with values as high 

as 1800 mm in the central and Bitterroot mountain ranges; over 50% of this precipitation 

falls as snow (Finklin 1983). January is usually the wettest month with average 

precipitation ranging from 75 nmi to 250 mm (Finklin 1983). Late summer is the driest 

time of year with average precipitation between 20 and 30 mm. Summertime 

precipitation varies widely; values have ranged from 7 mm in 1969 to 160 mm in 1975 

(Finklin 1983). Large thunderstorms are frequent in the SBWC, with a peak in activity 

during the early summer. Dry thunderstorms are not uncommon in the late summer and 

early fall. Monthly mean temperatures range from -10 °C in January to 20 °C in July and 

August. Fire season in the SBWC begins in the early summer and may extend through 

September. Fire regimes are mixed, with patchy stand replacement fire dominant in upper 

elevation forests (70% of the SBW) and lower severity, surface fire at lower elevations. 

Stand replacement fires occur across all elevations during extreme years (Brown et al. 

1994, Barrett and Amo 1991). 

At elevations around 2,500 m, forests in the central, southern and eastern portions of the 

SBWC are dominated by subalpine forests containing assemblages of Englemann spruce, 

subalpine fir, whitebark pine (Pinus albicaulis), and lodgepole pine (Pinus contorta). 
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Stands of lodgepole pine result from large fires and are extensive, with relatively 

homogenous stand structure and ages (Amo et al. 1993). Seventy percent of the SBWC is 

comprised of subalpine forests. The highest subalpine elevations are characterized by 

mixed whitebark pine/alpine larch {Larix lyalii) forests (Habeck 1972). Middle elevations 

are characterized by mixed ponderosa pine, Douglas-fir, and western larch {Larix 

occidentalis) forests. As elevation decreases these assemblages convert to mixed 

Douglas-fir/grand fir (Abies grandis) forests. Diverse, Pacific maritime forests 

distinguish the lowest elevations, along the main stem of the Lochsa and Selway Rivers, 

with assemblages of western red cedar {Thuja plicata), western hemlock (Tsuga 

heterophylla), western white pine (Pinus monticola), and Douglas-fir ranging from 500m 

to 1500m. 

METHODS 

Spatial Data 

Fire Atlases 

We used digital fire atlases to describe 20"* century fire frequency in the GALWC and the 

SBWC. Twentieth-century fire perimeters were obtained from archival fire data at the 

Gila National Forest for the GALWC and from the Bitterroot, Clearwater, and Nez Perce 

National Forests for the SBWC (Rollins et al. in press). Archives consisted of old fire 

reports or operational fire perimeter maps. Fires that were the most important financially, 

ecologically and socially were the most likely fires to be mapped (McKelvey and Busse 

1996). This may bias the data toward large, high severity events; however, the mapped 
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fires likely represent a large proportion of the area actually burned (Strauss et. al. 1989). 

A detailed description of the compilation of the fire atlases and 20"* century fire 

frequency in the GALWC and SBWC by forest type may be found in (Appendix A). 

Each annual set of fire perimeters were converted into a raster grid representing burned 

and unbumed areas. These annual grids were added together to create continuous 

surfaces of fire frequency in each area (Figure 2). To include fires that burned over the 

wilderness boundary we 'clipped' the final fire atlases to a 5-km buffer aroimd the 

wilderness boundary for each study area. This 5-km buffer defined the extent of the 

wilderness complexes for the purpose of our analysis. 

Topography 

Elevation data were available from the USDA Intermountain Fire Sciences Laboratory in 

Missoula, Montana. Digital elevation data were developed as two compiled sets of USGS 

7.5 minute digital elevation models (DEMs, 30 m ceils) for the GALWC and SBWC by 

Keane et al. (1998 and 1999a). For both areas, a combination of level 1 and level 2 DEMs 

was used to obtain complete coverage of the study area. Level 1 DEMs sometimes show 

a horizontal banding pattern, and this was the case in some of the DEMs used. An equal 

weight, directional filter 7 cells high and 1 cell wide was applied to the level 1 DEMs to 

smooth areas where horizontal banding was most apparent. The DEMs were then tiled 

together, and edges between Level 1 and Level 2 DEMs were filtered to smooth 

transitions between adjoining datasets by Keane et al. (1998). Each DEM was 'clipped' 

to the 5-km study area boundary. Slope and aspect surfaces were derived from the final 
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DEMs using the Arc/Grid commands 'slope' and 'aspect.' Using ENVI image 

processing software and the DEMs from each area, we derived an insolation index based 

o n  s u n  a n g l e s  ( e l e v a t i o n  a n d  a z i m u t h )  c a l c u l a t e d  f o r  1 9 0 0  G M T  ( 1 2  n o o n )  f o r  t h e  1 o f  

each month of the fire season (April-September for the GALWC and May-September for 

the SBWC) for each area. The data from each month were averaged to yield a single 

surface for each study area incorporating information for slope, aspect and geographic 

location and representing relative amounts of insolation across the landscape. 

Potential Vegetation 

We used potential vegetation type (PVT) data from the USDA Fire Sciences Laboratory 

in Missoula, Montana to describe the biophysical site conditions in each wilderness area. 

Potential vegetation types, sometimes referred to as habitat types, are based on the plant 

association presumed to exist in the absence of disturbance (Daubenmire 1968a, Pfister 

and Amo 1980, Cooper et al. 1991). PVTs describe the distribution of plant habitats 

across broad landscapes for Rocky Mountain forests (Clements 1936, Daubenmire 1968b, 

Pfister and Amo 1980, Keane et al. 1999b). Though originally based on single-pathway 

succession, PVTs remain valid for multiple-pathway succession systems (Noble and 

Slayter 1980, Fastie 1995). Vegetation communities rarely reach climax because of 

recurring disturbances and non-linear successional trajectories (Cooper et al. 1991, Fastie 

1995), but indicator species are present in disturbed areas. 
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Classifications of PVTs were developed from rule-based models incorporating 

geographic location, field data, topography, local productivity, and soil characteristics 

using a heuristic, rule-based approach by Keane et al. (1998 and 1999a). Using these 

data, area ecologists and scientists formulated series of rules to assign PVT to different 

permutations of location and topographic classifications for each wilderness complex. 

These rules were then implemented within a GIS to create PVTs. Thematic accuracy of 

these layers was determined by comparison with field data by Keane et al. (1998 and 

1999a). Accuracies of PVT maps were 57% in the SBWC and 89% in the GALWC 

(Keane et al. 1998 and 1999a). Our only modifications of these data were to group the 

subalpine forest classes for the SBWC to form two new classes: lower subalpine and 

upper subalpine forests, and to subset the PVT data to the extent of the study area 

boundaries for each wilderness complex. We excluded areas of development, riparian 

forests, and water bodies from our analyses; these were insignificant portions of each 

study area (less than 1%). It is important to note that the Douglas-fir PVT in the SBWC 

includes serai ponderosa pine communities. In the GALWC, the Douglas-fir PVT 

includes serai ponderosa pine as well. Ponderosa pine exists as an end-point to succession 

in the GALWC, and as such is represented as a separate PVT class in the GALWC. 

Climate Data 

Instrumental estimates of summer Palmer Drought Severity Index (PDSI) were available 

for the 20'*' century from the National Oceanic and Atmospheric Administration National 

Climatic Data Center in Boulder, Colorado 
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(www.ncdc.noaa.gov/ol/climate/climatedata.html 2000). PDSI is a measure of prolonged 

(monthly and yearly) periods of water status and accounts for precipitation, 

evapotranspiration, and soil moisture conditions (Palmer 1965). Typical values range 

from negative 6 (extreme drought) to positive 6 (extremely moist conditions). Data were 

summarized within states, by climate divisions. For the GALWC we used New Mexico, 

division 1. For the SBWC, we used the mean of Idaho, division 4 and Montana, division 

1. For each wilderness complex we used April through October PDSI to represent 

drought status during the months when fires were most likely to occur. 

Data Analysis Procedures 

We report unbumed area, areas burned once, twice, and areas burned three or more times 

for each wildemess complex by PVT. Percentages are given as the proportion of the total 

area of each PVT in each fire fi^quency class. For the SBWC, subalpine forests are 

divided into lower subalpine dry and moist and upper subalpine dry and moist. 

We used a graphical/statistical approach to assess relationships between fire frequency 

and topography, vegetation, and climate. Maps of 20"' century fire frequency were cross 

tabulated with data for elevation, slope, aspect, insolation index, and potential vegetation 

type to derive distributions of fire frequency over landscape variables. Distributions of 

landscape variables (i.e. topography and vegetation) within each fire fi^quency class 

(unbumed, burned once, burned twice, and burned three or more times) were compared 
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with distributions of the landscape variables over the entire study area (Hq: distributions 

are not different, P > 0.05). 

In order to graphically compare distributions, we derived proportions of area burned in 

each fire frequency class for each landscape variable. Distributions were plotted on 

identical axes, with identical scales. This enabled direct visual comparison, despite 

uneven distribution of area burned in different fire frequencies. Cumulative distributions 

of proportions were compared using two sample Kolmogorov-Smimov tests (KS-tests) 

for differences in empirically derived, continuous distributions. We used a P-level of 0.05 

to reject null hypotheses of no significant differences between distributions. We 

compared the distribution of each landscape variable for different fire frequency classes 

to the distribution of the variable over the entire study area. Because PVT and aspect data 

were categorical, we used chi-square tests to assess differences between observed and 

expected areas in different fire frequency classes, PVT, and aspect across both wilderness 

complexes. 

We used superposed epoch analysis (SEA, Lough and Fritts 1987, Swetnam 1993, 

Grissino-Mayer 1995) to determine whether periods of drought or moist conditions were 

related to years with large areas burned. Superposed epoch analysis has been used to 

calculate climate conditions prior to and during years with large areas burned at 

landscape to regional scales (Swetnam 1993, Swetnam and Betancourt 1998, Veblen et 

al. 1999). In this study we used SEA to analyze climate prior to and during the 8 years 
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with the largest areas burned in each wilderness complex. In the GALWC we excluded 

the 1992 and 1993 fire years because the largest fires during these periods were at least 

partially management-ignited (Lawrence Garcia, Gila National Forest fuels technician, 

personal communication). We had no information on anthropogenic ignitions in either 

study area prior to 1990. 

We hypothesized that large fire years would corres()ond with notably dry years. Further, 

we expected that large fire years in the GALWC would be preceded by wet years as 

observed in previous studies (Swetnam and Betancourt 1998, Veblen et al. 1999). We 

conducted separate SEA on ponderosa pine and Douglas-fir (GALWC), mixed conifer 

and spruce/fir (GALWC), Douglas-fir (SBWC), and subalpine (SBWC) forest PVTs to 

assess similarities and differences between drought relationships within similar 

biophysical settings. We hypothesized that similar PVTs, from different study areas, 

would have similar drought-fire relationships. 

RESULTS 

Twentieth-Century Area Burned 

Archival mapped fire perimeters extended from 1909 to 1993 in the GALWC and from 

1880 to 1996 in the SBWC. Mapped data indicated that 142,700 ha burned in 220 fires in 

the GALWC and 545,229 ha in 524 fires in the SBWC (Appendix A). In the GALWC, 

7,021 ha bumed three or more times; 5,727 ha (82%) of this were in ponderosa pine and 

Douglas-fir PVTs, which make-up 44% of the study area (Table 1). In the SBWC, 7,449 
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ha bumed three or more times, with the majority of re-bumed areas in Douglas-fir and 

lower subalpine PVTs (Table 1). More area re-bumed in lower subalpine forest PVTs 

than in upper subalpine forest PVTs. While slightly higher proportions of moist subalpine 

forests burned once and twice; overall, xeric subalpine PVTs accounted for the majority 

of subalpine forests burned multiple times in the 20"* century (Table 2). 

Fire Frequency by Potential Vegetation Type 

Ponderosa pine and Douglas-fir PVTs had the highest fire frequencies in each study area 

(Figure 3). In the GALWC, the desert/scrub/grassland and spruce/fir, the lowest and 

highest PVTs, experienced less fire than expected under random conditions. In the 

SBWC, upper subalpine forests bumed less than expected. Large areas bumed multiple 

times in ponderosa pine and Douglas-fir PVTs in the GALWC and westem redcedar and 

Douglas-fir PVTs contributed most to the overall significance of Chi-squares (P < 0.01). 

Fire Frequency over Topography 

Areas bumed multiple times in the GALWC were found at higher elevations than 

expected based on the distribution of elevation for the entire area (Figure 4). The majority 

of areas bumed three or more times in the GALWC was found between 2300 m and 2600 

m. Mean elevation in the GALWC was 2200 m. Two-sample KS-tests for differences in 

distributions showed significant differences between the distribution of elevation for all 

fire frequency classes (excluding unbumed) and the distribution of elevation for the entire 
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GALWC (P < 0.01, Table 3). Areas burned multiple times in the SBWC were found 

between 1000-1700 m (Figure 4). Mean elevation in the SBWC was 1758 m. 

Graphically, it appeared that areas burned multiple times were found on steeper slopes in 

the GALWC (Figure 5). However, KS-tests indicated no statistically significant 

difTerences between distributions of slope for areas with different fire frequencies and the 

distribution of slope over the entire landscape in either study area (Table 3). Chi-square 

analysis indicated that northern and northeastern aspects in the GALWC and southern 

and southwestern aspects in the SBWC have significantly higher fire frequencies than 

expected imder a random distribution (P < 0.05, Figure 6). In the GALWC, cumulative 

distributions of insolation index for areas that burned three or more times were 

significanUy different from the distribution of isolation across the entire area (P < 0.05, 

Table 3). In general, areas burned three or more times had lower insolation values (Figure 

7). There were no significant differences between insolation index for other fire 

frequencies in the GALWC and we found no difference between distributions of 

insolation for different fire frequency classes in the SBWC. 

Fire-Climate relationships 

Annual area burned was related to drought status (figures 8 and 9). Results of superposed 

epoch analyses show that, for the entire GALWC, fire years were generally dry and 

followed a dry year; however, these patterns were not statistically significant (P > 0.05). 

In the SBWC years with large areas burned were significantly dry (P < 0.01). In the 
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GALWC, large fire years in mixed conifer and spruce/fir PVTs corresponded with dry 

years (P < 0.05). In the SBWC lag years (years previous to a year with large area burned) 

were wetter in the Douglas-fir PVT than in subalpine PVTs (figure 9). 

DISCUSSION 

Landscape scale distributions of fire fi^equencies during the 20"* century were related to 

gradients of potential vegetation type, elevation, slope, aspect, insolation, and climate in 

both wilderness complexes. Our results are similar to other research involving spatial 

relationships of fire regimes to landscape characteristics in similar forest types (Romme 

and Knight 1981, Martin 1982, Engelmark 1987, Brown et al. 1994, Barton 1994). By 

focusing on landscape-scale, spatially continuous gradients, our research provides a 

quantitative basis for future empirical and mechanistic models of fire regimes in Rocky 

Mountain forests. Relationships between landscape characteristics and areas burned 

multiple times showed key differences and similarities between the two wilderness 

complexes that highlight important unique and general aspects of fire regimes of the 

Northern and Southern Rocky Mountains. 

Landscape Variables 

Potential Vegetation 

Areas burned multiple times were distributed unevenly with respect to distributions of 

PVTs across each wildemess complex. It is important to note that, PVT represents the 

climax species presumed to occupy a given site in the absence of disturbance, the PVT 
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classifications used for each wilderness area also accurately represented the dominant 

existing forest types in each wilderness complex. Many forest types experienced less fire 

in the 20"' century than expected under random distributions (Figure 3 and Table 1). Chi-

square tests indicated that the spruce/fir PVT in the GALWC and grand fir and upper 

subalpine forest PVTs in the SBWC re-buroed significantly less than expected relative to 

the distribution of these types over the entire study area (Figure 3). The temporal extent 

of our fire atlases may have been too short to represent the long fire return intervals 

previously determined for these forests (Abolt 1996, Barrett and Amo 1991, Brown et al. 

1994). 

Throughout the 20"* century, fire frequencies in the GALWC and SBWC were low 

compared to reconstructions of pre-EuroAmerican fire regimes (Barrett and Amo 1991, 

Brown et al. 1994, Appendix A). This is likely due to reduction of fine fuels from 

extensive grazing in the GALWC (Swetnam and Dieterich 1985, Savage and Swetnam 

1990) and aggressive suppression of fires (Gruell et al. 1982, Brown et al. 1994, 

Covington et al. 1994, Swetnam and Baisan 1996). Twentieth-century fire frequencies 

were highest in ponderosa pine and Douglas-fir PVTs in each wilderness complex 

(Figure 3). Both wilderness areas implemented prescribed natural fire management 

programs in 1975 as part of efforts to re-introduce fire as a keystone disturbance process 

(Garcia et al. 1978, Frost 1982). These efforts have increased the amount of fire in each 

wildemess complex, but some PVTs have been affected more than others (Appendix A). 

In the GALWC, 68% of PNF-era area burned was in ponderosa pine and Douglas-fir 
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PVTs. In the SBWC 71% of the area bumed after 1975 was in ponderosa pine and 

Douglas-fir forests (Appendix A). The large proportion of post-1975 area bumed in 

ponderosa pine and Douglas-f!r forests was likely due to the ease of managing fires in 

these forests relative to more dense forests where fire behavior is likely to be more 

intense (Amo 1980, Swetnam and Baisan 1996, Covington et al. 1994, Pyne et al. 1996). 

Elevation 

Elevation ranges that corresponded with areas bumed multiple times were different in 

each wilderness complexes (Figure 4). Yet, the ponderosa pine/Douglas-fir PVTs found 

at these different elevations are quite similar with regard to dominant overstory tree 

species. Pre-settlement reconstructions of fire fi'equencies in each study area were highest 

in ponderosa pine and Douglas-fir forests (Swetnam and Dieterich 1985, Abolt 1996, 

Brown et al. 1994, Barrett and Amo 1991). In the GALWC, these PVTs were found on 

broad mesa tops at mid-to-high elevations (2,000 to 2,900 m) and make-up 44% of the 

study area. Douglas-fir PVTs (including serai ponderosa pine) in the SBWC were found 

on xeric sites on the east-facing slopes of the Bitterroot Mountains and along the main 

stem of the Selway River. These PVTs were found at a wider range of elevations (500 to 

2,500 m) in the SBWC than the GALWC, where they cover only 17% of the total area 

(Table I). Historically these PVTs were characterized by open stand structure and were 

maintained in the pre-EuroAmerican settlement era by frequent low-to-moderate severity 

surface fires that create patchy stand age and size distributions (Weaver 1951, Cooper 

1961, Amo 1976, Amo 1980, Gmell et al. 1982, Swetnam and Dieterich 1985). Fine fuel 
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loads, fuel structure and continuity, and local topography dominate fire behavior in these 

stands. During the 20''' century extreme stand replacing fires have occurred in some areas 

where closed-canopy conditions have developed following the fire suppression era 

(Covington and Moore 1994). 

Our results are similar to relationships between landscape gradients and fire frequency in 

the Chiricahua Mountains in southeastern Arizona (Barton 1994). In the Chiricahuas fire 

frequency and fire ignition potential were highest between 2,400 and 2,600 m. Fire 

frequency decreased at the lowest and highest elevations. In the southwestern United 

States, higher fire frequencies occur at middle to high elevations, in what are considered 

moist conditions (Swetnam and Baisan 1996). In contrast, in the northem Rocky 

Mountains, higher fire frequencies are found at lower elevations on relatively dry sites 

(Amo 1980). 

Slope 

Areas that burned multiple times appeared, graphically, to occur on steeper slopes in both 

wilderness complexes. This was especially evident in the GALWC (Figiu-e 5). Slope is an 

important determinant of fire behavior and subsequent fire effects (Agee 1993, Rothermel 

1982, Albini 1976). Engelmark (1987) found higher fire frequencies on steeper slopes in 

northem Sweden. In addition to more efiRcient heat transfer to upslope fuels via 

convection (Agee 1993), higher fire frequencies on steeper slopes may result from a 

'chimney' effect based on landform (Swanson 1981) or from lower soil moistures on 
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steeper slopes (Brown 1972). These effects are important at local scales (e.g. first-order 

watersheds) and may not be as evident at the broad scale of the GALWC and SBWC. 

This may account for the lack of significant differences in fire frequencies relative to 

slope. 

Aspect 

The relationships between aspect and fire fi«quency were nearly opposite between the 

GALWC and SBWC (Figure 6). In the GALWC, more area bumed multiple times than 

expected under random conditions on northern and northeastem slopes. Less area than 

expected bumed multiple times on western and southwestem slopes. In contrast, northern 

and northeastem aspects in the SBWC had less area bumed multiple times than expected, 

with southern and southwestem aspects re-buming more frequently than expected (figure 

6). 

This 'mirror image' in the relationship between aspect and fire frequency highlights 

important differences in fire regime characteristics in each area. Fires in the GALWC 

bum, in general, with low-to-moderate severities (i.e. low tree mortality and fire 

intensity) and, in this semi-arid landscape, are often constrained by the amount and 

horizontal continuity of fine-fuel, along with local topography and moisture status. These 

frequent, low-intensity fire regimes are found from the low elevations desert grasslands 

though piiion-juniper woodland PVTs and the extensive ponderosa pine and Douglas-fir 

forests at middle elevations (Swetnam and Dieterich 1985). Fire regimes in the southwest 
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United States become much more infrequent and severe as forests transition to more 

mesic and dense mixed conifer and spruce/fir forests (Baisan and Swetnam 1990, 

Grissino-Mayer et al. 1995, Swetnam and Baisan 1996, Abolt 1996). These forests 

represent only 9% of the GALWC. Northern and northeastern aspects are more 

productive, leading to higher herbaceous fuel continuity, thus, a higher probability of re-

bum. 

In contrast with the GALWC, fire regimes in the SBWC are characterized by infrequent 

moderate-to-high severity fires, with a large proportion of stand mortality (Barrett and 

Amo 1991, Brown at al. 1994). These fire regimes occur in subalpine forests (70% of the 

SBWC) and mesic grand fir and western redcedar PVTs. Large fires in subalpine forests 

are constrained by the availability and moisture status of large, woody fuels. South and 

southwestem aspects receive more direct insolation, causing desiccation and preheating 

of fuels (Agee 1993). High insolation and xeric conditions on south-facing slopes may 

limit re-growth following severe bums. 

In summary, our interpretations of the observed patterns are as follows: the amounts and 

continuity of fuel appear to be the most important factors leading to high fire frequencies 

on productive sites in the GALWC, whereas fiiel moisture content appears to be most 

important in the SBWC, leading to higher fire frequencies on dryer sites. 
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Insolation 

To address the local energy budget we derived surfaces of insolation for each study area, 

based on sun angles throughout the fire season. In the GALWC, areas that burned 3 or 

more times experienced significantly lower insolation (Figure 6). This supports assertions 

that northern-facing slopes in the GALWC re-bum more frequently because of the higher 

productivity of fuels. In the GALWC, areas with the highest insolation (i.e steep south-

facing slopes) are likely to have low fine fuel continuity because of extremely dry 

conditions limiting plant productivity. No significant differences were found in the 

distribution of insolation for areas with different fire frequencies in the SB WC (Table 5). 

Seventy-two percent of the area burned in the SBWC burned in very large (> 20,000 ha 

patches) fires prior to 1935 (Appendix A). These fires were strongly related to summer 

drought and burned primarily in dense, low-elevation forests (Moore 1996, Larsen and 

Delavan 1922). Dead, tree-sized fuels accounted for most of the re-bums in low 

elevation, mesic forest types (Larsen and Delavan 1922). In these situations, local 

topography plays a smaller role in constraining fire patterns. 

Climate-Fire Frequency 

Large fire years in the GALWC and SBWC corresponded with regional April-October 

drought (Figure 8). In the GALWC, large fire years in the 1940s and 1950s corresponded 

with the lowest, most intense, sustained drought since 1580 (Swetnam and Betancourt 

1998). Superposed epoch analyses indicated large fire years corresponded with 

significantly dry years in the SBWC and mixed conifer and spruce/fir PVTs in the 
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GALWC (Figure 9). This suggests that fire regimes in upper elevation forests of the 

GALWC are similar to fire regimes of the SBWC. That is, fires in upper elevation forests 

of the GALWC are probably constrained by fuel moisture content as opposed to fine-fuel 

continuity as in the lower elevations of the GALWC. 

Regional climate and annual area burned are strongly related in the southwestern United 

States. The strength of this regional scale forcing of fire regimes is related to El Nino 

Southern Oscillation (ENSO) precipitation events (Swetnam and Betancourt 1990, 

Swetnam and Betancourt 1998). Our results were not entirely consistent with the findings 

of Swetnam and Betancourt (1998). Using long time series of fire and climate data fi-om 

network of tree-ring fire history reconstructions in the southwestern United States, 

Swetnam and Betancourt (1998) show that large fire years tended to occur during a dry 

year preceded by one to three wet years. Results fi-om Swetnam and Betancourt (1998) 

further support the assertion that fire regimes in the southern Rocky Mountains are 

constrained by fine fuel amount and continuity as opposed to fuel moisture status. Large 

fire years in 1992 and 1993 correspond with a wet summer in 1992 followed by a wet 

winter in 1992-1993 and are notable exceptions to drought-area burned relationships 

(Figure 8). While the springs of 1992 and 1993 were wet, it is important to note that 

spring and fall conditions in the southwestern United States can be quite dry, even during 

wet years (Beschta 1976, Swetnam and Betancourt 1998). Moreover, fires during 1992 

and 1993 were actively managed as prescribed natural fires, and were allowed to reach 

large sizes to meet specific management objectives (Garcia 1997). 



114 

In the SBWC, the largest fires occurred in significantly dry years, indicating that fuel 

moisture is a main constraint on area burned (Figure 9). Barrett et al. (1997) found no 

relationship between regional drought and multi-year 'fire episodes', attributing high fire 

frequencies instead to inter-regional weather variations, mass ignitions, and strong local 

winds created fi-om large fire events. However, the lack of annual precision in Barrett's 

reconstructed fire episodes and use of tree-ring based climate reconstructions from 

Oregon rather than the more regionally appropriate reconstructions for the northern 

Rockies (e.g. Cook et al. 1999) probably contributed to the overall lack of significant 

correspondence between large fire years and drought reconstructions. 

Drought years in the GALWC appeared to occur on normal to wet years in the SBWC 

and vice versa (Figure 8). Annual precipitation varies with a latitudinal gradient in the 

western United States (Schroder and Buck 1970). Precipitation variability over the 

western United States has been shown to pivot near 40° N on time scales from decades to 

centuries (Dettinger et al. 1998). When conditions are wet in northern states, conditions 

tend to be dry in southern states and vice versa (Dettinger et al. 1998, McCabe and 

Dettinger 1999). This pivot in precipitation is especially pronounced during El Nifio 

Southem Oscillation (ENSO) events, which entrain fire regimes throughout the 

southwestern United States (Swetnam and Betancourt 1990, Swetnam and Betancourt 

1998, Dettinger et al. 1998, McCabe and Dettinger 1999). This relationship is graphically 

evident in PDSI and area burned from each area. For example, dry years with large areas 
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burned in the GALWC often correspond with normal or wet periods with less area burned 

in the SBWC (e.g. 1909, 1913, 1951) and vice versa (e.g. 1919, 1979, and 1988, Figure 

8). Improved predictability of ENSO events, along with cross-dated, dendroecological 

analyses of synoptic fire-drought relationships may provide a powerful predictive tool for 

determining the timing and effects of predicted climate change on fire regimes, as well as 

fire management and strategic fire suppression planning. 

CONCLUSION 

This research demonstrates the utility of using time series of mapped fire perimeters to 

examine flre-landscape-climate interactions over space and time. Twentieth-century fire 

frequency was related to landscape-scale gradients of elevation, slope, aspect, insolation 

index, potential vegetation, and climate in our study areas. The comparative nature of our 

research strengthens our inferences about causal relationships between landscape 

attributes and fire patterns, providing additional validity to the extrapolation of our results 

to other areas. Results provide baseline empirical information for implementing existing 

mechanistic models of landscape change in research focused on how landscape patterns 

and processes change under different climate and disturbance regimes. 
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Table 1- Area bumed (ha) and percent of PVT bumed by fire frequency class for the 

entire study area and every PVT within each wilderness complex. The majority of each 

wilderness complex remained unbumed in the 20"* century. Reported areas are reduced 

by the exclusion of developed lands, riparian forests, and water. 

Gila/Aldo Leopold Wilderness Complex 

Unbiinicd Once Twke MoJTTimes 

Ha •/. Ha •/. Ha % Ha Ha Study 
Area 

Entire study area 3IM74 79 72  ̂ 15 2X944 5 7^1 1 416371 IM 

Desert/grass 19.611 100 94 0 6 0 0 0 t9.7M 4 

Piflon/oak^uoipcr ltS.565 l« I7.t60 ft S.t3I 3 I.0t9 0 210.346 43 

Pondcrosa pine 7I.6S6 71 19.700 19 7.292 7 2.596 3 101.275 21 

Douglas-flr 76^51 67 15.949 V S.40I 7 3.I3I 3 113.841 23 

Mixed conifer 23.9«9 72 7.905 23 1.476 4 204 1 33.574 7 

Spnice/fir 6.0T7 t5 1.072 15 32 0 0 0 7.111 t 

Selway-Bitterroot Wilderness Complex 

Unbumed Once Twice Total 
More Times 

% '''• Ha % Ha */. Ha % Ha Ha Study 
Area 

Entire study area 4iojn» 52 27Ma2 35 U.MJ II 7^9 1 7aiM4 IM 

Western redcedar 3J66 13 lO.OtI 38 12.411 47 766 3 26.625 3 

Persistent 
herblands 

1.506 30 2.2S6 46 939 19 191 4 4.923 1 

Grand fir 2l.6tt 37 2S.777 37 19.608 25 I M l  2 78.265 10 

Douglas-fir 63.S36 49 44.0S6 34 11.922 15 2,411 2 129.257 17 

Lower subalpine 195.671 52 144,576 39 31.715 8 2.524 I 374.487 49 

Upper subalpine 67.720 67 31.4S6 31 2J54 2 159 0 101.720 13 

Rock/alpine 37.340 70 13.503 26 1.905 4 177 0 53.026 7 
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Table 2- Area burned (ha) and percent ofPVT burned in each fire frequency class for 

subalpine PVTs in the SBWC. Dryer subalpine forests burned more frequently. 

Selway-Bitterroot Wilderness Complex -- Subalpine Forests 

Unburned Once Twice 
Three or 

Total 
More Times 

% 
Ha % Ha % Ha % Ha % Ha Study 

Area 

All Subalpine Forests 263,391 55 176,062 37 34,069 7 2,684 1 476,208 100 

Lower Subalpine Moist 73,672 49 60,388 41 14,139 9 797 148,967 31 

Lower Subalpine Dry 121 ,998 54 84, 188 37 17,575 8 1,727 225,489 48 

Upper Subalpine Moist 28,427 66 13,832 32 1,062 2 22 0 43 ,343 9 

Upper Subalpine Dry 39,293 67 17,653 30 1,292 2 138 0 58,377 12 
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Table 3 - Kolmogorov-Smiraov two-sided probabilities for differences in distributions of 

different fire frequencies and landscape variables over the entire study area. Results are 

reported for the entire period of record. Significant differences (P < 0.05) are shown in 

bold. 

GALWC SBWC 

Elevation Slope lasoL 
IMICZ ElcvatioB Slope 

luol 
ladex 

Unburncd 

Once 

Twice 

Three or 
more times 

0.43 1.00 1.00 

0.00 1.00 0.99 

0.00 0.99 0.77 

0.00 0.13 0.04 

0.00 0.97 1.00 

0.00 0.97 1.00 

0.00 OJO 1.00 

0.00 0.22 0.4g 
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WildemessComplex 

500k 

Elevation 

Figure 1. Elevation, slope, and aspect for the 486,673 ha Gila/ Aldo Leopold and the 

785,090 ha Selway-Bitterroot Wilderness Complexes. 
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Figure 2. Rebumed areas in each wilderness area based on archives of 20th century fire 

perimeters. Data extend from 1909 to 1993 in the GAL WC and from 1880 to 1996 in 

the SBWC. 
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Figure 3. Areas burned two or more times for different potential vegetation types. 

+indicates a significant positive difference and- a significant negative difference 

(P < 0.01) between the distribution of area burned multiple times in different PVTs 

and the distribution of PVT over the entire wilderness complex. 
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Figure 4. Cumulative distributions of elevation for areas burned multiple times 

and elevation over each wilderness complex. Distributions are plotted as 

proportions to equalize scales. Two-sided Kolmogorov-Smimov tests indicated 

that distributions of elevation for areas burned multiple times were significantly 

different from elevation over the entire area (P < 0.01). 
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Figure 5. Cumulative distributions of slope for different fire fiiequency classes and slope 

over each wilderness complex. While areas burned three or more times ̂ pear to bum 

on steeper slopes in tiie GALWC, two-sided Kolmogorov-Smimov tests indicated no 

significant differences in distributions of slope for different fire fi^uency classes and 

slq^e over the enliie area in either wikkmess complex. 
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Figure 6. Aspect for different fire frequencies and aspect over the entire area in 

each wilderness complex. Chi-square tests indicated significant differences in 

distributions, with inverse aspect-fire frequency relationships between the 

GALWC and SBWC. + indicates a significant positive difference and - a 

significant negative difference (P < 0.05) between the distribution of area burned 

multiple times in different aspect classes and the distribution of aspect over the 
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Figure 7. Insolatkxi index fix-diflferent fire fiequency classes and over the entiie GALWC. 

Insolation irdexvvascalculaled from sun angles determmed using ENVI image processing 

software and range fiom 0 (low insolation) to 255 (high insolation). Lower values of 

insolation had higher fire fiequencies. 
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Figure 8. Palmer drought severity index (lines) and area burned (bars) for each 

wilderness area. In general, large fire years correspond with periods of drought. 

Large fire years in the GAL WC in 1992 and 1993 occurred during extremely 

wet years, and were actively managed to reduce fire hazard and restore fire to 

fire-excluded areas .. 
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Figure 9. Results from superposed epoch analysis (SEA) in each wilderness complex. A) 

SEA for ponderosa-pine/Douglas-frr and mixed conifer/spruce-frr PVTs in the GAL we. 

B) SEA for Douglas-frr (includes seral ponderosa pine) and subalpine forest PVTs in the 

SBWe. Bars indicate mean April-October PDSI values for the eight years with the most 

extensive area burned (year 0) and during four previous (lagged) years. The solid, dashed, 

and dotted lines indicate 95, 99, and 99.9 percent confidence intervals, respectively, based 

on Monte Carlo simulation. Years with the most extensive frres were significantly dry in 

all PVTs in the SBWe and in the mixed conifer PVT in the GAL We. 
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ABSTRACT 

Fire frequency influences vegetation structure, composition, and successional pathways 

across landscapes, but the interactions between fire frequency and topography are poorly 

understood at landscape scales. We use historical archives of mapped fire perimeters to 

identify areas burned two or more times during the 20"* century and relate these to 

elevation, slope, and aspect from 30-m digital elevation models. Log-likelihood tests, 

logistic regression, and classification and regression trees (CART) are implemented to 

investigate associations between topography and area burned multiple times in two, 

regionally distinct wilderness areas: the 353,759-ha Gila Wilderness Complex in New 

Mexico and the 785,090-ha Selway-Bitterroot Wilderness Complex in Idaho and 

Montana. Our main emphasis was to develop empirical models of rebum based on fire 

perimeter data and topography. The unique approach of comparing results for data 

spanning more than 95 yr in two large wilderness areas with contrasting climate and 

vegetation strengthens our inferences. Slope and aspect were less important than 

elevation in determining spatial patterns of fire frequency. Log-likelihood models based 

on simple classifications of elevation, slope, and aspect provided the most satisfactory 

probability maps, but large areas in each study area remained unclassified. Coefficients 

for elevation, slope, and aspect were obtained using logistic regression, but linear 

algorithms failed to identify non-linear relationships between fire frequency and 

topography. CART models were simple, with many initial bifurcations defined by 

elevation. While CART models correctly classified non-linear relationships between 

elevation and fire frequency, slope and aspect had no effect imtil cluster membership was 
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too low to affect the overall model. Log likelihood modeling provides a promising 

approach for assessing relationships between topography and fire frequency determined 

from fire atlas data. While the accuracies of the predicted surfaces were low when 

compared to actual rebum pattems, the overall trends indicate that imfmrtant inferences 

about fire frequency may be determined using simple derivatives of digital elevation 

models and mapped fire perimeters. Explicit information on the spatial patterning of fire 

frequency is critical for modeling the impacts of changing climate on fire regimes, and 

for successfiilly restoring fire as a keystone disturbance process on Rocky Mountain 

landscapes. 
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INTRODUCTION 

Fire regimes determine and are determined by vegetation composition and structure at 

landscape scales (1,000s to 100,000s ha, Johnson 1992, Agee 1993). Frequency is a main 

aspect of fire regimes because recurrent fires entrain ecological processes and determine 

landscape patterns. (Heinselman 1973, Amo 1980, Johnson 1992, Agee 1993, Swetnam 

and Baisan 1996). Efforts to create landscape and regional-scale maps of fire frequency 

have been limited, due to problems of extrapolating and aggregating information from 

relatively fine-scale fire history studies (McKenzie et al 1996, McKenzie et al. 1999). 

The importance of understanding fire frequency patterns at broad scales is underscored by 

predicted response of fire regimes to changing climate (Ryan 1991, Running and Nemani 

1991. Price and Rind 1994), and by proactive fire management strategies focused on 

restoring fire as an ecological process at broad, landscape scales (USDI and USDA 

1995). 

In this paper, we empirically model areas bumed multiple times with elevation, slope and 

aspect data for the 353,759-ha Gila Wilderness Complex, in New Mexico and the 

785,090-ha Selway-Bitterroot Wilderness complex in Idaho and Montana. We compare 

three statistical methods for mapping rebum probabilities for each area using archived 

fire perimeter maps and easily obtained data for topography. Our unique approach of 

comparing and contrasting probability surfaces of fire frequency for two large wilderness 

areas with different climate regimes and vegetation patterns yields valuable insight for the 

interpretation of results and facilitates identification of unique versus general patterns. 
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Because fire is perhaps the most ecologically significant natural disturbance on Rocky 

Mountain ecosystems, our emphasis is on developing maps of areas with a high 

probability of burning multiple times. Resulting maps provide baseline information for 

parameterizing mechanistic models of fire effects at broad spatial and temporal scales, 

and are a critical source of information for ecologically based, fire management decisions 

focused on restoring fire on wilderness and non-wildemess landscapes. 

Multiple bums affect vegetation structure and composition (Heinselman 1978, Johnson 

1992, Covington and Moore 1994, Gray and Franklin 1997), successional pathways 

(Keane et al. 1989 and 1990, Johnson 1992, Turner et al. 1997) and nearly all biotic and 

abiotic ecosystem processes (Kercher and Axelrod 1984, Keane et al. 1996a, 1996b, 

Waring and Running 1998). Changes in fire frequency due to increasingly effective fire 

suppression over the last century have increased the amount and continuity of forest fuels 

(Gruell et al. 1982, Covington and Moore 1994, Amo 1996, Swetnam 1993, Swetnam 

and Betancourt 1998). With global warming, fires are expected to increase in severity and 

extent in northern latitudes (Overpeck et al. 1990, Ryan 1991, Flannigan and Van Wagner 

1991, Keane et al. 1999a). These fire regime changes will affect dynamics of forested 

landscapes in complex ways that are poorly understood because of the interaction and 

feeback among fire, topography, vegetation, land-use, and climate (Ryan 1991, Turner et 

al. 1993, Covington et al. 1994). 



143 

Most approaches to investigating landscape factors that determine fire frequency have 

involved analyses of historical fire occurrence data. Two main types of data are used in 

studying fire-landscape relationships: dendroecological data (Heinselman 1978, Romme 

and Knight 1981, Engelmark 1987, Barton 1994, Camp et al. 1997) and mapped fires 

(Pickford 1980, Chou et al 1990, McKelvey and Busse 1996, Kushla and Ripple 1997, 

Medler and Yool 1997, Minnich and Chou 1997). Research using long time-series of 

mapped fires has been limited. Chou et al. (1990) used series of fire perimeters from 1911 

to 1984 for San Jacinto Mountian, California, to show that spatial autocorrelation and fire 

history were the most important determinants of whether an area will bum in 

chaparral/pine forests. McKelvey and Busse (1996) used fire perimeters from 1908 to 

1993 to evaluate 20"* century fire patterns on US Forest Service lands in the Sierra 

Nevada, California. They found that elevation, slope, and rainfall were the most 

important predictors of whether an area would bum or not. However, rebumed areas were 

much more randomly distributed on the landscape with regard to aspect. The research 

presented in this paper is distinguished by the use of three separate empirical modeling 

techniques and by comparing results between and regionally and climatologically distinct 

wilderness areas. 

Using mapped, historical fires in a geographic information system (GIS) provides unique 

insight to topographic constraints on fire. In statistical terms, the entire populations of our 

study areas were known; we could sample from any point on the landscape. Instead of 

comparing point observations for a set of samples, we use actual mapped fire perimeters 
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to calculate continuous, raster surfaces of fire frequency. This research provides a simple 

way to assess rebum probabilities at broad spatial and temporal scales by narrowing 

independent variables to easily obtainable topography data (7.5~niinute USGS digital 

elevation models, http;//edc.usgs.gov/webglis) and using time series of fire perimeters to 

estimate fire frequency. These maps may be used to evaluate the current and potential 

successional status of forests in each wilderness or to assess the hazard of future fires in 

remote areas. 

METHODS 

Study areas 

Gila Wilderness Complex 

The Gila Wilderness Complex (GWC) encompasses the headwaters of the Gila River in 

the Mogollon Mountains in central-westem New Mexico (Figure 1). Elevations range 

from 1300 m near the main stem of the Gila River to 3300 m in the Mogollon Mountains. 

Parent material of the GWC derives from volcanism in the late Cretaceous (USGS 1965). 

The Gila Conglomerate, a tertiary sedimentary formation, is exposed in tall, pinnacle-like 

rock formations along the Middle and East Forks of the Gila River. 

Annual precipitation varies from 250 mm to 760 mm in the high mountain ranges of 

eastern Arizona and western New Mexico (Beschta 1976). Annual precipitation is 

bimodal, with a wet period between December and March and another occurring with the 

southwestern monsoon between July and September. Mean daily temperatures vary from 
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below freezing in the winter to extremely hot in the middle of summer (30 C). 

Thunderstorms are common in the summer months, resulting from the lifting of moist air 

masses moving north from the Gulf of Mexico. Fire season in the GWC begins as early as 

April and may extend through September. Spring conditions are usually dry. 

Thunderstorm activity increases in early July. 

Pre-EuroAmerican fire regimes in the in the GWC were dominated by frequent, low-

severity (i.e. low forest mortality) surface fires, with mixed surface and crown fires found 

at higher elevations (Swetnam and Dieterich 1985, Abolt 1996). During dry years of the 

20'^' century, fire behavior has occasionally been extreme, with extensive crown fires 

across all elevations. The GWC has the highest level of lightning-caused fire occurrence 

in the United States, with an average of 5 lightning-ignited fires per 100 ha per year 

(Barrows 1978, Rollins, unpublished data). 

Desert scrub (Ceanothus, Artemisia, and Yucca spp.) is found in broad valleys at the 

lowest elevations of the GWC. As elevation increases, pinon/juniper woodlands {Pinus 

edulus, Juniperus deppeana, J. monosperma, and Quercus spp.) dominate. Forests 

convert to ponderosa pine (Pinus ponderosa) with a shift toward Douglas-fir 

(Pseudotsuga menziesii) as elevation increases. Piflon-juniper, ponderosa pine and 

Douglas-fir forests make up 88% of the land area of the GWC. Forests at the highest 

elevations are comprised of mixed forests of Douglas-fir, southwestern white pine {Pinus 
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strobiformis), Engelmann spruce {Picea engelmannii), subedpine fir (Abies lasiocarpa 

var. arizonica), white fir {Abies concolor), and aspen (Populus tremuloides). 

Selway-Bitterroot Wilderness Complex 

The Selway-Bitterroot Wilderness Complex (SBWC) in Idaho and Montana is the second 

largest designated wilderness in the conterminous United States. The largest is the 

adjacent Frank Church River-of-No-Retum Wilderness in Idaho (Figure 1). The area is 

characterized by extremely rugged terrain, with broad topographic variation. Portions of 

the wilderness are found on the Bitterroot, Clearwater, Lolo and Nez Perce National 

Forests. The majority of the wilderness area is found within the Idaho batholith where 

parent material is characterized by 100 million year-old igneous compositions 

(Greenwood and Morrison 1973). Volcanic parent material in lower elevations along the 

Selway and Lochsa rivers was formed during the Mesozoic and Cenozoic periods 

(Habeck 1972). The canyons and valleys of the central Selway and Clearwater River 

drainages were dissected prior to the eruption of the Colimibia River basalt. 

Three main topographic regions exist within the wilderness area. The eastern portion of 

the wilderness consists of the north/south-oriented Bitterroot Range. These mountains 

begin in the northeastern comer of the wilderness and extend 70 k to the southeastern 

comer, and consist of large mountain peaks as high as 3050 m. East/west-oriented glacial 

valleys dissect the mountains to valley bottoms as low as 1000 m. The central/southern 

portion of the wilderness comprises the majority of the Selway River basin. This area 
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consists of rugged terrain with complex high ridges (»2500 m) dissected by steep 

canyons as low as 500 m. The northwestern portion of the wilderness, distinguished by an 

inland Pacific maritime climate, falls within the Lochsa River drainage, with high 

mountains (the Clearwater Mountains) and deep, forested valleys. 

Average precipitation in the SBWC is quite high. Along the main stems of the Lochsa 

and Selway Rivers, close to 1000 mm of precipitation falls annually, with values as high 

as 1800 mm in the central and Bitterroot mountain ranges. Over 50% of this precipitation 

falls as snow (Finklin 1983). January is the wettest month, with normal monthly 

precipitation ranging from 75 mm to 250 mm (Finklin 1983). Late simmier is the driest 

time of year with average monthly precipitation between 20 and 30 mm. Summertime 

precipitation varies widely; July-August values have ranged from 7 mm in 1969 to 160 

mm in 1975 (Finklin 1983). Large thunderstorms are frequent in the SBWC, peaking in 

activity during the early summer. Monthly mean temperatures range from —10 C in 

January and average daily temperatures as high as 30 C in July and August. Fire season in 

the SBWC begins in the early summer and may extend through September. Fire regimes 

are mixed, with patchy stand replacement fire dominant in upper elevation forests (68% 

of the SBWC) and more frequent, lower severity fires at lower elevations (Brown et al. 

1994). Historically, the moist forests of the lowest elevations along the Lochsa and 

Selway Rivers had fire return intervals between 300 and 450 yr (Shiplett and 

Neuenschwander 1994, Brown et al. 1994). Stand replacement fires are dominant across 

all elevations during extreme years (Brown et al 1994, Barrett and Amo 1991). 
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The lowest elevations (500-1500 m) in the wilderness (i.e. the lower Lochsa and Selway 

River basins) are distinct from surrounding areas. These inland Pacific maritime forests 

are characterized by mesic assemblages of western redcedar {Thuja plicatd), western 

hemlock (Tsuga heterophylla), western white pine (Pinus monticold), grand fir {Abies 

grandis) and Douglas-fir. At elevations around 1000 m, forests of the SBWC are 

dominated by ponderosa pine, Douglas-fir and western larch {Larix occidentalis) forests. 

As elevation increases, these assemblages convert to mixed Douglas-fir/Engelmann 

spruce/grand fir forests followed by subalpine forests containing assemblages of 

Engelmann spruce, subalpine fir {Abies lasiocarpd), whitebark pine {Pintds albicaulis) 

and lodgepole pine {Pinus contortd). Many extensive stands of lodgepole pine resulted 

from large fires with homogenous stand structure and ages. The highest subalpine 

elevations are characterized by mixed whitebark pine/alpine larch {Larix lyallif) forests 

(Habeck 1972). Sixty percent of the area of the SBWC is comprised of subalpine forests. 

Digital Fire Atlases 

We compiled fire perimeters from the Gila National Forest for the GWC and from the 

Bitterroot, Clearwater and Nez Perce National Forests for the SBWC (Appendix A, 

Rollins et al. in press). Archives consisted of old fire reports or operational fire perimeter 

maps. A detailed description of area burned over time in the GWC and SBWC by forest 

type, including fire rotation, may be found in Appendix A. Data for each year in the fire 

atlas were converted to separate, yearly raster grids. These grids were summed over the 
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20^ century to create continuous surfaces of fire frequency for each area. These maps 

were then converted to binomial grids. Unbumed areas and areas that bumed once were 

classified as 0 and areas bumed two or more times classified as 1. The fire atlases were 

subset to include a 5-km buffer around each wilderness to capture fires that bumed over 

the wilderness boundary. 

Digital Elevation Models 

Digital elevation data were developed as two compiled sets of USGS 7.5-minute digital 

elevation models (DEMs, 30 m cells) for the GWC and SBWC by the USDA Forest 

Service Fire Sciences Laboratory (Keane et al. 1998 and 1999b). For both areas, a 

combination of level 1 and level 2 DEMs was used to obtain complete coverage of the 

study area. Level 1 DEMs sometimes show a horizontal banding pattern, and this was the 

case in some of the DEMs used. An equal weight, directional filter 7 cells high and 1 cell 

wide was applied to the level 1 DEMs to smooth areas where horizontal banding was 

most apparent (Keane et al. 1998). The DEMs were then tiled together, and edges 

between level 1 and level 2 DEMs were filtered to smooth transitions between adjoining 

datasets (Keane et al. 1998). Each DEM was subset to include a 5-lcm buffer, matching 

fire atlas boundaries. Slope and aspect surfaces were derived from final DEMs using the 

Arc/Grid (ESRI 1993) commands 'slope' and 'aspect.' 
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Likelihood-Ratio Tests 
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We used a likelihood ratio test, G 2 (Christensen 1997), to compare observed proportions 

of ~rea burned more than once with proportions expected if reb urn patterns were random 

with respect to topography. Based on previous research (Appendix B), we grouped 

elevation, slope and aspect into simple classes (table 1) and cross-tabulated these with 

binomial maps of areas burned multiple times in each study area to create three-way 

contingency tables. In addition, topography and fire surfaces were subset to ponderosa 

pine/Douglas-fir types and subalpine types (mixed conifer and spruce/fir forests in the 

GWC) based on potential vegetation data provided by the USDA Forest Service Fire 

Sciences Laboratory (Keane et al. 1998 and 1999b ). We compiled contingency tables for 

these subsets, resulting in three contingency tables for each study area: 1) the entire area, 

2) ponderosa pine/Douglas-fir forest types and 3) subalpine forest types. 

The G 2 statistic, alternatively referred to as the log-likelihood statistic ( G ,) and Wilks 

chi-square (X~, Legendre and Legendre 1998), is distributed identically to X 2 when 

sample sizes are large and should be used as a robust alternative to X 2 for goodness-of-fit 

testing with multi-dimensional contingency tables (Sokal and Rohlf 1995). The formula 

we used to test for dependence on topographic position (H0: areas burned multiple times 

are independent of topography) was: 
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where i,j, and k are the number of different elevation, slope and aspect combination, f, is 

the observed proportion of the study area burned multiple times at each topographic 

position and is the propK>rtion expected under Ho for a given combination. The degree 

of difiTerences between observed and expected frequencies was compared by calculating: 

- =LzIl 

Probability of rebuming was then assessed by comparing to standard normal critical 

values (Koopmans 1987). Based on this comparison, areas with z, < 1.960 had a 95% 

probability of remaining unbumed or burning once and areas with z, > 1.960 were 

assigned a 95% probability of burning more than once. 

Logistic regression 

Multiple logistic regression relates a binomial response variable to several predictor 

variables that can be either continuous or categorical (Christensen 1997). We used a large 

random sample set (10,000 points from each wilderness) to build multiple logistic 

regression models for each study area. We began by transforming aspect into two 

continuous variables representing distance from northeast (45°, DNE) and distance from 

southwest (225 °, DSW), with values ranging from 0 to 180. Our logistic regression 

models take the form: 

prob(re-bum), 
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Where U, is detennined by each logistic regression model, which takes the general, 

partially saturated form: 

^4^, + ^sAjB, + ̂ gA,C, + + ^gB,C, + ^96,0, + e, 

Where A, is the elevation, is the slope, C, is the distance from northeast (0-180) and 

D, is the distance from southwest (0-180) for sample i. Combinations of variables (e.g. 

A,C,) represent interactions. We used SYSTAT 8.01 software (SYSTAT 1998) to run 

stepwise, multiple logistic regressions for each study area based on continuous predictors 

(elevation, slope, DNE and DSW). We began with the partially saturated model above, 

because three-way interactions are difficult to interpret in contingency analyses involving 

three variables (Legendre and Legendre 1998). Preliminary log-linear analyses indicated 

little evidence of significant interactions. Variables and interactions were removed if their 

p-value exceeded 0.15 in preceding models. Using a stepwise approach results in a model 

that may not be eveiluated using conventional significance criteria. The model may, 

however, prove useful for prediction (Peduzzi et al. 1980, Steinberg and Colla 1998). We 

used the percentage-correct-estimation index and kappa statistic to assess our models 

(Hosmer and Lemeshow 1989, Chou et al. 1990, Congalton 1991). 

Classification and Regression Trees 

We used classification and regression trees (CART) to identify structure within our 

databases. CART is a nonparametric, dichotomous decision tree partitioning of a 

response variable into mutually exclusive clusters (Breiman et al. 1984). It relies heavily 

on the power of computers to iterate through large samples. Predictors may be continuous 
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or categorical, and may be sampled from di£ferent population distributions (i.e. 

heteroskedastic), and/or relate non-linearly to response variables (i.e. non-monotonic). 

The decision tree is transparent, allowing for easy analysis of data structure and 

prediction for un-sampled areas. The CART procedure, used as an analog to regression, 

begins with the entire dataset and proceeds by sorting all of the n cases for each predictor 

and examines all n-\ ways to split the data in two. For every possible split of each 

predictor variable, the within-cluster sum of squares about the mean of the cluster on the 

dependent variable is calculated (Breiman et al. 1984). The predictor defines a split at a 

point that yields the smallest overall within-cluster sum of squares (Morgan and Sonquist 

1963). We used SYSTAT 8.0 to derive trees for the same sample used in the logistic 

regression analysis (SYSTAT 1998). 

Hypotheses 

For each model we hypothesized that topography would be related to rebumed areas, that 

elevation could be the most important factor in determining fire frequency, and that the 

relations between topography and rebumed areas would be stronger in ponderosa 

pine/Douglas-fir forest types than in subalpine forests. We further hypothesized that slope 

would be positively related to probability of rebum. Based on previous research 

(Appendix B) we hypothesized that aspect relationships would be opposite between study 

areas, but similar within the same forest types between study areas. That is, low elevation 

forests in the GWC and the SBWC would have similar aspect relationships while aspect 

relationships between the entire areas would be opposite. 
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RESULTS 

Likelihood Ratio Models 

Fire perimeter data extended from 1909 to 1993 in the GWC and from 1880 to 1996 in 

the SBWC. Mapped data indicated that 30,065 ha (8.5%) of the GWC and 95,533 ha 

(12.2%) in the SBWC burned more than once during the period of record. Differences 

between observed and expected proportions of rebum of different topographic positions 

were statistically significant (p < 0.05, Figure 2, Table 2). There was, however, one 

exception; rebumed areas in subalpine forests of the SBWC were distributed 

independently of topography. This was surprising at first, because subalpine forests 

occupy 70% of the Selway-Bitterroot Wilderness; however, the model for the entire 

SBWA including all vegetation types was significant. North-facing aspects accounted for 

more area rebumed in the GWC and south-facing aspects accounted for more rebumed 

areas in the SBWC (Table 2). 

We expected aspect relationships to be opposite between study areas, but similar within 

similar forest types, but this was not the case. North-facing, low elevation slopes in 

ponderosa pine and Douglas-fir forests in the GWC accounted for 54% of rebumed areas 

while south-facing, low-elevation slopes in Douglas-fir forests in the SBWC accounted 

for 71% of rebumed areas. Results from our subset models for ponderosa pine and 

subalpine forests roughly corresponded to our models for the entire study area. 
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Differences between observed and expected proportions were highest on steep, north-

facing slopes at middle elevations in the GWC (Table 2). These topographic positions are 

characterized by ponderosa pine, converting to Douglas-fir as elevation increases. At the 

lowest elevations where mixed conifer and spruce/fir forests were found, more area was 

rebumed than expected. Less area burned multiple times than expected on steep south 

facing slopes in upper elevations of mixed conifer and spruce/fir forests (Figure 2, Table 

2). Low elevation, south-facing, steep slopes accounted for 56% of rebumed areas in 

Douglas-fir/grand fir forests of the SBWC and 25% of rebumed areas over the entire area 

(Table 2). As in the GWC, ponderosa pine forests that convert to more shade-tolerant tree 

species with elevation and moisture gradients characterize sites with high probability of 

rebuming. 

Classifications of topography were based on equal intervals; area between classes was 

distributed unevenly in both study areas. Using proportions instead of frequencies 

alleviates some of the problem associated with uneven areal extent of classes. However, 

the stochastic nature of fire occurrence and long fire retum intervals, may affect results in 

classes with very small areas. This is especially true for the mixed conifer and spruce/fir 

likelihood tests in the GWC. Log-likelihood modeling assigned explicit probabilities of 

rebuming; however, 28% of the GWC and 31% of the SBWC remained unclassified 

because these areas fell within the 95% confidence interval for the probability of 

remaining unbumed or burning once (Figure 3). Overall classification accuracy was low, 

with kappa coefficients of 0.09 for the GWC and 0.06 for the SBWC. 
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Logistic Regression 

Out of 10,000 randomly located samples in the GWC, 787 were buraed multiple times. 

Mean elevation and slope for samples buraed multiple times were 2,324 m and 18°. In the 

SBWC, 1,191 of the 10,000 random samples burned more than once in the 20'*' century. 

Mean elevation and slope for samples buraed multiple times were 1,457 m and 22° (Table 

4). Formal significance tests indicated that model fit was poor for both logistic regression 

models. McFadden's /'^(an analog to for logistic regression) and kappa coefiScients 

were less than 0.15 for each model. T-ratios (coefficient /standard error of coefficient) 

and odds-ratios indicated that elevation, slope and distance from northeast were 

predictors of rebumed areas in both study areas (Table 3). P-values for coefficient 

estimates were significant (P < 0.01), but this is probably an effect of the large, arbitrary 

sample size. Fire frequency was inversely related to distance-from-northeast in the GWC, 

implying that it may be positively related to distance-from-southwest. Overall 

classification accuracy was 82% in the GWC and 87% in the SBWC; however, only 10% 

and 9.7% of rebumed areas were correctly classified respectively. 

Our goal was to use potential predictors to create empirical probability surfaces across the 

entire study areas, not to re-create 20''' century patterns. Elevation was the dominant 

factor in predicting areas that are likely to be buraed multiple times (Figure 3). Despite 

low significance and low classification accuracies for reburned areas, the predicted 

surfaces corresponded roughly with observed patterns (Figure 3). 
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Classification and Regression Trees 

CART analyses yielded no statistically significant trees. Overall proportional reduction of 

error (PRE) was low at 0.049 for the GWC and 0.091 for the SBWC. We used a least-

squares loss function and a minimum improvement in proportional reduction of error of 

0.005 to define splits. The trees were simple, with two and three splits respectively for the 

GWC and SBWC (Figure 4). The least-squares CART algorithm partitioned samples 

from the GWC twice by elevation. Splits indicated that areas below 2,144 m and over 

2,647 m were unlikely to bum multiple times. In the SBWC, the CART algorithm 

partitioned samples twice on elevation and once on slope. Areas above 1,574 m (70% of 

the SBWC) were less likely to bum multiple times. Within those areas below 1,574 m in 

elevation, areas below 1,027 m were more likely to rebum. Within these areas, rebums 

occurred more often on slopes steeper than 12 degrees (Figiire 4). Neither CART model 

partitioned the samples on aspect (DNE and DSW); however, areas bumed multiple times 

were more likely to be on northeastern aspects in the GWC and more southwestern 

aspects in the SBWC (Table 4). The most substantial difference between the logistic 

regression and CART analyses was that CART identified the non-linear relationship 

between elevation and rebumed areas in the GWC, reflecting the reduced amount of 

rebum in upper elevation forests (Appendix B). The logistic regression model, which is 

limited to linear relationships between predictors and dependent variables, incorrectly 

predicted that the highest probabilities of rebum were at the highest elevations. 
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DISCUSSION 

The overall effects of elevation, slope, and aspect in our models are not different from 

patterns that would be expected when considering past research, despite the limitations of 

using archival fire perimeter maps (Romme and Knight 1981, Engelmark 1987, Barton 

1994, Camp et al. 1997). Our results were nearly identical to similar research based on 

time series of fire perimeters on San Jacinto Mountain (Chou et al. 1990) and in the 

Sierra Nevada, California (McKelvey and Busse 1996). Each model presented in this 

paper provided useful information on the relative contribution of elevation, slope, and 

aspect in determining the probability that an area would rebum within the span of a single 

century. Elevation dominated our analyses, followed by slope and aspect. Our research is 

distinguished from past research by providing actual maps of areas with high probabilities 

to rebum based on topographic position (Figiu-e 3). 

Fire Patterns — Gila Wilderness Complex 

Frequent, low severity (i.e. low forest mortality) fires historically characterized fire 

regimes in ponderosa pine and Douglas-fir forests of the GWC, with less frequent, high 

severity fires at upper and lower elevations (Swetnam and Dieterich 1985, Abolt 1996). 

These patterns have changed dramatically across the entire GWC over the 20''' century 

(Appendix A). The amount of fire was reduced greatly beginning in the late 19'*' century 

due to intensive grazing. After the 1920s, when livestock numbers declined, aggressive 

fire suppression maintained low rates of burning until the 1970s (Appendix A). Most area 

burned in the middle of the century was during extreme drought years in upper elevation 
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forests. Since 1975, some fires have been allowed to bum under prescribed conditions. 

Most area burned during this period was in ponderosa pine and Douglas-fir forests 

(Appendix A). 

Fire frequency has been shown to be highest at middle elevations across the southwestern 

United States (Barton 1994, Swetnam and Baisan 1996). Martin (1982) defined a 

conceptual model of fire fi^quency over topographic gradients. His model proposes that 

fires are infrequent on dry sites, where the amount and horizontal continuity of fiiels are 

limiting, and on wet sites where fuel moisture limits fire spread. Fires are most frequent 

on moderate sites where fuels are continuous and conditions are often dry enough for 

fires to spread over wide areas (Martin 1982). Using gradient sampling and analyses. 

Barton (1994) foimd that forests in the Chiricahua Mountains of southeastern Arizona 

conform to this model. 

Fire patterns in the GWC conform to Martin's hypothetical model of fire frequency over 

elevational gradients (Appendix B). Conditions tend to be quite dry throughout the year at 

low elevations, and sparse fuels limit the spread of fire. Desert scrub and 

piiion/juniper/oak forests dominate at these low elevations in the GWC. Mixed conifer 

and spruce/fir forests at high elevations in the GWC are much more dense, cooler, and 

moister than lower elevation forests. Moist conditions in the understory usually limit the 

potential for the ignition and spread of fire. Fire was infi^quent in low and high elevation 

forests historically and during the 20*'' century compared to middle elevations (Swetnam 
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and Dieterich 1985, Abolt 1996, Appendix A, Appendix B). Broad mesas covered with 

extensive stands of ponderosa pine characterize middle elevations of the GWC. Prior to 

Euro American settlement, the frequency of large, low-severity fires was estimated at 10-

15 years at these elevations (Swetnam and Dieterich 1985). 

Our three models were insufBcient for accurately describing the patterns of rebum across 

the entire GWC. This is likely due to non-linear relationships between fire frequency and 

elevation, anthropogenic ignition and fire suppression, and data quality. Log-likelihood 

and CART models correctly identified the nonlinear relationships between fire frequency 

and elevation. Slope and aspect were less important than elevation in determining fire 

frequency patterns. Overall mapping accuracies were low. 

Fire Patterns - Selway-Bitterroot Wilderness Complex 

In the northern Rocky Mountains, ponderosa pine and Douglas-fir forests occur at low-to-

middle elevations on dry sites. Martin's (1982) model describes forests at these elevations 

as having the highest fire frequencies in the northwestern United States. In the SBWC, 

the lowest elevations along the Selway and Lochsa Rivers are distinguished by an inland 

Pacific maritime climate. Fire-free intervals in these forests have been estimated to be 

quite long with reported intervals of as long as 450 years (Brown et al. 1994). Twentieth-

century fires burned 36,727 ha in Pacific maritime forests of the SBWC, 140% of the 

entire area of this forest type (Appendix A). In the early 20"' century, fires burned and 

rebumed large areas in the Selway and Lochsa River basins. Since 1935 these forests 
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have burned very infrequently (Appendix A). The large portion of 20"* century rebums at 

these lowest elevations contributes to a more linear relationship between fire frequency 

and elevation in the SBWC than found in the GWC. This leads to the higher predictive 

value of elevation in the SBWC using logistic regression (Table 3). However, this linear 

relationship between elevation and fire frequency does not represent historical or pre-

EuroAmerican conditions. If fire regimes at the turn of the century had continued to the 

present, most western redcedar forests of the SBWC would likely have converted to 

mesic shrublands. Classification and regression tree analysis also predicted high 

probability of rebum at the lowest elevations. While this reflects 20"* century patterns, it 

fails to produce a surface that represents the probability of rebum expected under 

historical conditions. 

Comparisons Between Areas 

There were key similarities and differences between the GWC and the SBWC in our 

models. While elevation ranges with the most rebumed area were different, the forests 

found at these elevations were quite similar in terms of composition and structure. This 

conforms to Martin's (1982) model of fire frequency over elevation for both southern and 

northern Rocky Mountain forests. In both areas, elevation was more important than slope 

and aspect in determining the probability that an area would rebum (Table 3). This was 

expected, because fiiels and moisture status are closely related to elevation (Whittaker 

and Niering 1965, Johnson 1992, Agee 1993). In both study areas and in each model 

steeper slopes had higher relative probabilities of burning more than once during the 
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period of record. Two main factors contribute to higher probabilities of rebum on steeper 

slopes: 1) convective heat moving upslope tends to carry fire toward upslope fuels and 2) 

radiant heat fi'om flaming fronts is emitted closer to upslope fuels. 

A key difference between the two study areas is the difference in the contribution of 

aspect in determining rebum probabilities. In the GWC, DNE was inversely related to the 

probability of rebum; this implies that northeastern aspects tend to bum more. At first this 

seems counter-intuitive because higher insolation on southwestern slopes would lead to 

drier fuel conditions. The amount and continuity of fuels may be limiting, however, on 

southwestern slopes. The southwestern United States is a semi-arid region where 

productivity is low relative to other parts of the country. Higher productivity on 

northeastern slopes may create the optimal conditions for multiple bums in the GWC. In 

the SBWC, where fires tend to be relatively infrequent and more intense than the GWC, 

DNE was positively related to probability of rebum. This implies that southwestem 

aspects bum more frequently. The moisture status of large woody fuels may be the most 

important factor in determining fire frequency in the SBWC. Drier fuel conditions on 

southwestem facing slopes may be the main determinant of optimal conditions for higher 

fire frequencies in the northern Rocky Mountains. 

When considered over an entire century, south-facing slopes have higher fire frequencies 

in northern forests while north-facing slopes have higher fire fi^quencies in forests of the 

southern Rocky Mountains. We expected that this supposition would be supported by 
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observations showing that similar forest types in each wilderness had similar 

aspect/rebum relationships despite differences in the log-likelihood models for the entire 

area. This, however, was not the case. Reasons for this may include differences in the 

area] extent of forest types and differences in microclimate and structure within forest 

types that are similar in terms of composition between areas. These forests are similar in 

terms of dominant overstory, but understory fuels and moisture status may result in 

different fire regimes. 

Uncertainty in Mapped Data 

It is impossible to assess completely the map accuracy of archived, mapped fire 

perimeters. Different personnel mapped fires throughout the period of record with 

different objectives, techniques, resolution, and attention to detail. The choice of whether 

or not to map a specific fire or to include a specific historical fire in an archive depended 

on social and financial factors, as well as the size and ecological effects of the fire. 

Quantitatively characterizing the accuracy of the probability surfaces calculated from fire 

atlases is impossible, because the mapping accuracy of the fire perimeters is unknown. 

Mapped archives consist of a subset of the total number of fires, excluding the majority of 

small fires (Appendix A). This may bias the data toward large, high severity events. The 

mapped fires, however, probably represent a very large proportion of the area actually 

burned because large fire events account for a large proportion of the total area bumed 

(Appendix A, Strauss et. al. 1989). 
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Anthropogenic ignition and fire exclusion a£fected attempts to model landscape-fire 

interactions using data from the 20*** century. Widespread human land-use, including 

grazing and the use of fire, affected fire frequency and size in each study area far before 

the beginning of our fire atlases. Ranchers and miners started fires either intentionally or 

accidentally during the first half of the 20'*' century. After the areas were designated as 

wilderness areas, accidental fires (e.g. escaped campfires) occurred regularly. From the 

late IQ'*' century, fire suppression affected fire patterns in each study area. From 1950 to 

1975 the US Forest Service aggressively suppressed fires in each area. We are uncertain 

of how fire suppression affected fire size and frequency. Our data represent fire 

perimeters from two of the largest wilderness areas in the Rocky Mountains. Fires within 

these areas were extremely remote, limiting fire suppression efforts to the use of non-

motorized means and aerially delivered personnel, supplies, and fire retardant. The large 

fires represented in our atlases would have been difRcult to suppress, although some of 

the small fires not represented in the fire atlas may have been suppressed before they 

became large. It is also possible that the large fires contained within the fire atlases were 

less affected by topography than the excluded smaller fires because of the tendency for 

large, intense fires to bum under extreme weather conditions and create their own winds. 

Similarities between our research and previous research relating fire frequency to 

topography and similarities in results for the SBWC and GWC are promising indicators 

of the value of fire atlas data for modeling and mapping fire frequency across broad 

environmental gradients. 
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Potentially, the models could be greatly improved by incorporating vegetation, fuels, fire 

severity, and local climate data, such as solar insolation and drought. Unfortunately, these 

are not available in spatially explicit data layers for the period of record. Fire severity is 

not mapped as part of the fire atlas data we analyzed, yet the severity of fires is affected 

by topography and greatly affects vegetation response and is therefore a key aspect of fire 

and disturbance regimes (Pickett and White 1985, Agee 1993, Morgan et al. in 

preparation). 

Importance and Limitations of Historical Approaches 

Experimentation and hypothesis testing are logistically difficult if not practically 

impossible at broad spatial scales. This requires creative alternatives to traditional 

experimental approaches in landscape scale research (Turner 1989). Proposed alternatives 

include historical and comparative approaches (Turner et al. 1995, Swetnam et al. 1999). 

Using mapped, historical fires in a GIS can provide unique insight to topographic 

constraints on fire frequency across landscapes. Instead of comparing point observations 

from a set of fire history samples, we use actual fire perimeters to calculate expected 

frequencies based on continuous raster surfaces of fire frequency and topography. 

Comparing and contrasting results between two regionally and climatically distinct study 

areas provides an opportunity to identify unique and common features. Similarity 

between the topographic factors that affect fire frequency in each study area, despite 

differences in climate, geology and vegetation, implies that topographic controls over fire 
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frequency may be similar throughout the Rocky Mountains. By focusing on large 

wilderness areas we minimize anthropogenic influences on observed landscape patterns. 

One of the values of research on historical landscape-fire interactions is that past patterns 

may provide a key to understanding current and future ecosystem dynamics. The natural 

or historic range of variability in ecosystem processes provides a contextual fiamework 

for understanding how contemporary and future ecosystems arrive at a given state 

(Morgan et al 1994, Swetnam et al. 1999, Landres et al. 1999). Historical data, however, 

are often limited in terms of spatial or temporal extent. Dendroecological data is difficult 

to collect over broad spatial scales and time consuming to analyze. Point fire location 

data usually extend back for several decades, but spatial patterns are difficult to infer 

from point data. On the other hand, remotely sensed fire data are broad spatially but 

narrow temporally. Hence, both historical and remotely sensed fire data have limitations 

in terms of temporal and spatial extent. But a combination of both data sources yields a 

synoptic temporal and spatial perspective lacking when either data source is used alone. 

CONCLUSIONS AND RECCOMMENDATIONS 

Analysis of mapped fire perimeters is an alternative to description of landscape-fire 

interactions using dendroecological or other documentary-based fire history data that are 

typically limited to single points or networks pf points. Using fire atlases provides the 

unique perspective of both broad spatial and broad temporal scales. In addition, 

comparing between distinct areas facilitates identification of unique versus general 
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patterns. Differences or similarities in observed landscape patterns help characterize the 

underlying mechanisms or processes that influence landscape structure. 

Elevation, followed by slope and aspect, was an important influence on fire frequency in 

both study areas. Elevation determines the landscape-scale distribution of vegetation; and, 

based on previous research, is an important influence on fire frequency. While elevations 

with high probabilities of multiple bums are different between areas, the forests found at 

these elevations are similar. Steeper slopes burned more frequently in both areas. 

Relations between aspect and probability of rebum were opposite between study areas, 

probably owing to differences in the importance of site productivity and fuel moisture 

between areas. 

While the statistical significance of our log-likelihood, logistic regression, and CART 

models was limited, overall trends and patterns represented by the models indicate that 

important inferences about fire fi^quency may be derived from simple topographic data. 

Predicted surfaces of rebum probabilities are limited in that slope and aspect are 

subordinated to elevation. Log-likelihood models provided the most satisfactory maps, 

with extensive areas correctly classified as either highly probable to rebum or unlikely to 

rebum. Approximately 30% of each study area remained unclassified. Probability 

surfaces based on linear logistic regression algorithms yield a more continuous surface, 

but are limited in that they fail to represent the non-monotonic relationship between 

elevation and fire frequency. CART models correctly identify the non-monotonic 
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relationships between elevation and areas burned-multiple times, but result in little more 

than a coarse elevation classification. 

Despite limitations in our models, the significance of relationships between topography 

and rebumed areas is apparent. This is highlighted by comparisons between two large, 

regionally and climatologically distinct wilderness areas and fire fi-equency records that 

span many decades of years that vary greatly in degree of fire suppression effectiveness 

and how conducive weather is for burning (Appendix A and B). Results fi-om this 

research are important additions to research investigating contemporary forest conditions 

and future successional patterns following wildfires. Parameter estimates and probability 

surfaces from empirical models of fire frequency will be especially useful in 

parameterizing and validating mechanistic models for modeling fire effects and for 

determining departures from pre-EuroAmerican fire patterns. 
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Table 1 — Topographic positions used in log-likelihood ratio tests. 

Gila Wilderness Complex Selway-Bitterroot 
Wilderness Complex 

Elevation (m) Slope (°) Aspect Elevation Slope C) Aspect 

A 1400-2000 0-17 North A 500-1600 0-17 North 
B 1400-2000 0-17 South B 500-1600 0-17 South 
C 1400-2000 17-70 North C 500-1600 17-75 North 
D 1400-2000 17-70 South D 500-1600 17-75 South 
E 2000-2600 0-17 North E 1600-2700 0-17 North 
F 2000-2600 0-17 South F 1600-2700 0-17 South 
G 2000-2600 17-70 North G 1600-2700 17-75 North 
H 2000-2600 17-70 South H 1600-2700 17-75 South 
I 2600-3400 0-17 North 
J 
K 

2600-3400 
2600-3400 

0-17 
17-70 

South 
North 

No Rebumed areas above 2700m 

L 2600-3400 17-70 South 
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Table 2 — Observed and expected values and log likelihood-ratio tests for independence 

between topographic setting and proportion of area burned multiple times. With one 

exception (subalpine forests in the SBW), all tests indicated significant dependence ( p < 

O.OS) between rebumed areas and topographic position. 

Gila Wilderness Complex 
Topographic Position 

Hectares 
rebufncd A B C D E F G H I J K L G 

Entire Area 
Observed f 0.5 0.2 1.4 1.0 26.7 I9J 23J 23.8 0.8 0.7 1.2 1.1 61.45** Entire Area 

0.5 1.4 1.0 26.7 23.8 0.8 0.7 1.2 61.45** 
Expectcd f 6.9 11.0 5.5 6.0 18.2 19J 12.1 13.4 IJ 0.9 2.5 2.6 

Low Forests 
Observed f 0.5 0.2 1.4 1.0 26.7 I9J 23J 23.8 0.8 0.7 1.2 1.1 

50.7** 
Expected f 5.8 8.4 5.5 5.5 193 20.7 12.8 14.2 1.4 0.9 2.6 2.8 

Subalpine Observed f • • • • 
17.7 0.8 27.0 0.7 19.8 2JI 31.1 0.6 

Forests Expected f « • • « 
5.8 OJ 9_3 0.1 192 6.87 39.1 I9_3 

* Lower elevation class not represented in subalpine forests 
*•12 degrees of fi^edom 
**•8 degrees of freedom 

Selway-Bitterroot Wilderness Complex 
Topographic Position 
Hectares 
rebumed 

A B C D E F G H G 

Entire Area 
Observed f 

Expected f 
5.3 

4.0 

6.9 

43 

23.6 

11.6 

25.1 

11.1 

6.9 

11.5 

7.8 

10.9 

11.9 

23.7 

12.5 

22.7 
40.7* 

Low Forests 
Observed f 

Expected f 

00 
p
 

5.2 

6.5 

25.5 

25.1 

56.1 

36.8 

0.9 

2.9 

0.8 

2.8 

4.2 

103 

3.5 

10.6 
24.4** 

Subalpine 
Forests 

Observed f 

Expected f 
1.9 

13 

1.6 

LO 

5.6 

2.9 

3.4 

1.7 

16.4 

16.4 

18.4 

15.7 

25.5 

30.9 

212 
29.8 

SJH'f 

* 12 degrees of freedom 
*•8 degrees of freedom 
t not significant 
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Table 3 ~ Logistic regression parameters, statistics, and coefficients for each study area. 

Model Variable Coefficient T-ratio 
Intercept -6.092 -20.92 

Gila Elevation 0.002 13.63 
Wilderness Slope 0.012 3.13 
Complex Distance From NE -0.029 -4.00 

PCE = 82% McFadden's = 0.043 

Model Variable Coefficient T-Ratio 

Selway-
Bitterroot 

Wilderness 
Complex 

Intercept 0.938 
Elevation -0.002 
Slope 0.012 
Distance From NE 0.20 

5.75 
-25.68 

3.56 
2.99 

PCE = 87% McFadden's 2 = 0.103 
PCE = Percent Correctly Estimated 
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Table 4 ~ Variables used in CART and Logistic Regression models and corresponding 

sample means. Values are for 10,000 randomly sampled points from the mapped data for 

each study area. 

Gila Wilderness Complex 

Samples that burned once or 
were unbumed 

Samples Burned 
Multiple Times 

Gila Wilderness Complex 
Std. 

Mean „ Error 
*>1 Std. Mean ~ Error 

Elevation (m) 

Slope (degrees) 

Distance from 
Northeast (0-180) 
Distance from 
Southwest (0-180) 

Number of Samples 

2,154 3.28 

16 0.12 

92 0.54 

88 0.54 

9,213 

2,324 6.00 

18 0.37 

83 1.72 

97 1.72 

787 

Selway-Bitterroot Wilderness 
Complex 

Elevation (m) 

Slope (degrees) 

Distance from 
Northeast (0-180) 
Distance from 
Southwest (0-180) 

Number of Samples 

1,790 4.02 

22 0.10 

87 0.53 

93 0.53 

8,809 

1,457 11.34 

23 0.23 

91 1.43 

89 1.43 

1,191 



Figure 1. The 353,759 -ha Gila Wilderness Complex, New Mexico and the 785,090-ha 

Selway-Bitterroot Wilderness complex in Idaho and Montana. Main mountain ranges and 

rivers are identified. Inner boundary represents the wilderness boundary while the outer 

boundary is a 5-k buffer that represents the extent of the GIS data used in analyses. 
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Figure 2. Observed and expected hectares burned multiple times by topographic position. 

Values were used in log-likelihood ratio tests for dependence ofrebumed areas on 

topographic position. See Table 1 for descriptions of topographic positions (indicated by 

letters). Fewer topographic positions are included for mixed-conifer and spruce forests in 

the GWC because these forests were not represented at lower elevations. 
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Figure 3 (Next Page). A) Areas burned multiple times from 20'*' century fire atlases for 

each wilderness area. White areas were burned two or more times in the 20"* century. B) 

Probability surfaces for areas that were likely to bum multiple times created with logistic 

regression. Values range from 0 (no probability of burning) to 1 (high probability of 

burning more than once). C) Probability surfaces based on classification and regression 

tree analysis (see Figure 4). D) Probability surfaces based on log-likelihood modeling. 

Note high probability in high elevation forests in the eastern GWC from logistic 

regression and low probability from CART modeling. 



('f') 
00 

Selway-Bitterroot 
Wilderness 
Complex 

Gila Wilderness Complex 

.,.. ' . . c 
.·,. J.-

•· ....... ·..--. j. 
•., 

A 
D Burned more than once 

• Unburned or burned once 

8 

0 Prob(re-burn)1 

c 
Predicted to burn 

D more than once 
Predicted to remain 

• unburned or burn once 

D 
o 95% chance of burning 

more than once 

• < 95% certainty of re-burning 

• 95% chance of remaining 
unburned or burning once 



184 

Gila Wildwrwss 

Areas Burned Multiple Times 

10,000 

4,640 

584 

5,360 

4,776 

S9lway-Bitt»rroot Wlldamass 

Areas Burned Multiple Times 

DEM<1S74in 

0EM<1027ni 

431 

506 

10.000 

2,476 

2982 

75 

7.018 

Figure 4. Final classification and regression trees for each study area. Numbers inside 

boxes indicate how the initial 10,000 samples were partitioned. 




