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Abstract:
Ecologists have recognized disturbance as an important driver of spatial patterns in a landscape and the
composition of its species. Wildfire in particular has received special attention as a recurrent,
ubiquitous disturbance that has greatly influenced the structure of Rocky Mountain forest ecosystems.
However, in recent decades, staggered-setting clearcut logging has altered the spatial and temporal
characteristics of historic landscape patterns driven by fire. Increasingly, landscape ecologists are using
patterns of natural disturbance as a guide for ecosystem management. My study area in the Greater
Yellowstone Ecosystem (GYE) contained patterns of intensive logging in the Targhee National Forest
(TNF) directly adjacent to patterns resulting from wildfire in 1988 in Yellowstone National Park
(YNP). To compare these disturbance types, I tested hypotheses at two scales. At the landscape scale,
spatial patterns of clearcuts and wildfires were subsampled at various extents and quantified using
landscape metrics. A finer-scaled field study focused on post-disturbance biological legacy within
stands. Results indicate that clearcutting fragmented forests more than wildfire, reducing total core
area, while increasing the number of core areas. Patch size, shape and dispersion all revealed
differences between clearcutting and wildfire. Furthermore, multi-scaled frequency distributions of 9
landscape metrics revealed thresholds in scaling effects for each disturbance type. The field study
demonstrated that clearcutting is a more severe disturbance type than wildfire, removing more CWD
and dramatically reducing snag density. These differences between clearcutting and wildfire at both the
landscape and stand scales have important ecological consequences for the natural fire regime. At the
landscape scale, wildfire is constrained by the clearcutting pattern in TNF, whereas fire risk is higher in
YNP. At the stand scale, clearcutting removes CWD and standing snags that provide fuel for future
wildfires. Hence, clearcutting disrupts the natural disturbance regime. Recognizing this important
consequence, timber harvest strategies can be developed that better mimic natural landscape patterns
that perpetuate the natural disturbance regime and sustain levels of biodiversity. 
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ABSTRACT

Ecologists have recognized disturbance as an important driver of spatial patterns 
in a landscape and the composition of its species. Wildfire in particular has received 
special attention as a recurrent, ubiquitous disturbance that has greatly influenced the 
structure of Rocky Mountain forest ecosystems. However, in recent decades, staggered- 
setting clearcut logging has altered the spatial and temporal characteristics of historic 
landscape patterns driven by fire. Increasingly, landscape ecologists are using patterns of 
natural disturbance as a guide for ecosystem management. My study area in the Greater 
Yellowstone Ecosystem (GYE) contained patterns of intensive logging in the Targhee 
National Forest (TNF) directly adjacent to patterns resulting from wildfire in 1988 in 
Yellowstone National Park (YNP). To compare these disturbance types, I tested 
hypotheses at two scales. At the landscape scale, spatial patterns of clearcuts and 
wildfires were subsampled at various extents and quantified using landscape metrics. A 
finer-scaled field study focused on post-disturbance biological legacy within stands. 
Results indicate that clearcutting fragmented forests more than wildfire, reducing total 
core area, while increasing the number of core areas. Patch size, shape and dispersion all 
revealed differences between clearcutting and wildfire. Furthermore, multi-scaled 
frequency distributions of 9 landscape metrics revealed thresholds in scaling effects for 
each disturbance type. The field study demonstrated that clearcutting is a more severe 
disturbance type than wildfire, removing more CWD and dramatically reducing snag 
density. These differences between clearcutting and wildfire at both the landscape and 
stand scales have important ecological consequences for the natural fire regime. At the 
landscape scale, wildfire is constrained by the clearcutting pattern in TNF, whereas fire 
risk is higher in YNP. At the stand scale, clearcutting removes CWD and standing snags 
that provide fuel for future wildfires. Hence, clearcutting disrupts the natural disturbance 
regime. Recognizing this important consequence, timber harvest strategies can be 
developed that better mimic natural landscape patterns that perpetuate the natural 
disturbance regime and sustain levels of biodiversity.
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INTRODUCTION

A recent paradigm shift in forestry challenges land managers to meet a wider 

range of objectives (Franklin and Forman 1987; Swanson and Franklin 1992; Golley 

1993; Franklin 1993). While continuing to provide forest products, these managers must 

now also maintain ecosystem processes and protect viable populations of native species 

(Jensen and Everett 1993; Hansen et al. 1995; Targhee National Forest 1997). To meet 

these objectives sustainably, ecologists have studied natural disturbance as an analogue to 

human management activities (Franklin and Forman 1987; Hunter 1993; Ripple 1994; 

Cissel et al. 1994; Foster et al. 1998). Disturbances such as wildfire influence ecological 

processes like nutrient cycling (Stark 1977; Harmon et al. 1986; Turner et al. 1995), 

succession (Romme and Knight 1981; Tinker et al. 1993; Turner et al. 1997), future 

disturbances (Romme 1982; Turner 1989), and habitats of many species (Pearson et al. 

1995; Romme et al. 1995; Hoffman 1997). Hence, both processes and organisms are 

dependent upon natural disturbance.

In recent decades, human activities like logging have imposed landscape patterns 

different from those resulting from natural disturbance (Franklin and Forman 1987; Spies 

et al. 1994; Reed et al. 1996; Tang et al. 1997; Tinker et al. 1998). It is unknown how 

well these human-disturbed landscapes will sustain ecosystem processes and native 

populations. Understanding the differences between human and natural disturbance can
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allow land managers to design strategies that sustain ecosystem processes, native 

organisms, and the goods and services they provide.

The Greater Yellowstone Ecosystem (GYE) provides a unique opportunity to 

study patterns of both natural and human disturbance. Wildfires burned Yellowstone 

National Park (YNP) in 1988, while the Targhee National Forest (TNF) across the Park 

boundary has been heavily logged since the 1950’s. My study has two objectives: (I) 

compare the effects of clearcut logging and wildfire on vegetation structure within stands 

and on spatial patterns of vegetation across landscapes, (2) explore consequences of these 

vegetation patterns for the spread of future wildfire. I will also recommend management 

strategies to sustain ecosystem processes, viable populations of native species and forest 

products and services.

Disturbance and Landscape Pattern

Ecologists have recognized disturbance as an important driver of spatial patterns 

in the landscape and the types of organisms that occupy the landscape (Romme 1982; 

Baker 1992b; Pearson et al. 1995). Disturbances such as wildfire (Turner et al. 1994a), 

windthrow (Kramer 1997) or insect infestation (Romme et al. 1986; Veblen 1997) 

typically affect some localized areas more than others, resulting in a patchwork mosaic of 

different vegetation types and ages. This mosaic of "patches" plays a crucial role in 

ecosystem function and patterns of biodiversity (Pickett and White 1985; Forman and 

Godron 1986; Turner 1989). Thus, it is important to understand the influence of 

disturbance on patch dynamics and its consequences for managing ecological processes 

and biodiversity.
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Natural patterns of disturbance typically create a highly variable mosaic of patch 

types, exhibiting a wide range of patch sizes, return intervals, and severity levels 

(Swanson and Franklin 1992; Millspaugh and Whitlock 1993; Foster et al. 1998; Brown 

et al. 1999; Li et al. 1999). This spatial and temporal variability results from numerous 

interactions of a variety of biotic and abiotic factors (Bessie and Johnson 1995). For 

example, flooding events are constrained by climate and topography, but are also 

influenced by riparian vegetation and soil. Similarly, forest patches are susceptible to 

windthrow where topography interacts with climate, soil and existing vegetation patterns 

(Kramer 1997). Wildfire, insect infestations, hurricanes, droughts and landslides also 

represent stochastic and reciprocal interactions of climatic, edaphic and biotic conditions. 

Thus, patterns of natural disturbance are highly variable both spatially and temporally.

This landscape heterogeneity influences ecosystem processes like nutrient cycling 

(Stark 1977; Harmon et al. 1986; Spies et al. 1988; Turner et al. 1995), succession 

(Romme and Knight 1981; Tinker et al. 1993; Turner et al. 1997), dispersal success 

(Lavorel et al. 1995; Bascompte and Sole 1996; Boone and Hunter 1996; Gustafson and 

Gardner 1996; Bellhumuer and Legendre 1998; With and King 1999) and future 

disturbances (Romme 1982; Bessie and Johnson 1995; Tang et al. 1997). For example, 

downed logs within disturbance patches act as banks within the carbon budget, (Harmon 

et al. 1986; Turner et al. 1995). These logs decay slowly and release nutrients that are 

used by regenerating vegetation (Chappell and Agee 1996). The high levels of light, 

nutrients and other resources in disturbance patches favor the growth of early serai plants 

(Halpern 1989; Chen et al. 1995; Turner et al. 1997; Gray and Spies 1997). Future
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disturbances like wildfire (Romme 1982; Turner et al. 1989a; Renkin and Despain 1992), 

insect infestations (Romme et al. 1986; Veblen 1997), or windthrow (Kramer 1997; Tang 

et al. 1997) are frequently dependent upon mature or old-growth forest structure. Hence, 

as disturbances across the landscape reset the successional clock, varying proportions of 

the landscape are susceptible to future disturbances. Thus, ecosystem processes are 

dependent upon landscape heterogeneity.

Biodiversity is also affected by landscape heterogeneity. A highly variable spatial 

pattern across the landscape can provide a greater diversity of ecological niches (Hansen 

et al. 1991; Hansen et al. 1993; Halpern and Spies 1995; Hargis 1997). For example, a 

forest consists of a wide variety of vegetation types, ages, and sizes along with varying 

amounts of woody debris and standing snags. This variety of characteristics interact and 

vary spatially across the stand, creating a diversity of ecological niches (Rose and Muir, 

1997). Hence, a Black-backed woodpecker (Picoides arctus) requiring standing snags 

can coexist with an American marten (Martes americana) that requires long, coarse 

woody debris. Similarly, at a broader scale, patch size can influence.those species that 

require a large territory for breeding. Edge-adapted species can thrive in a highly 

fragmented habitat at the expense of those adapted to the forest core interior. Hence, the 

spatial pattern of the vegetation patches influences the diversity of habitat types available 

to native forest animals.

Human disturbance, on the other hand, is hypothesized to fragment ecosystems 

into smaller patches, exhibiting a less variable pattern both within patches and across the 

landscape. Forest fragmentation has been particularly well documented in the Pacific
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Northwest of the United States, where traditional, staggered-setting clearcutting patterns 

have reshaped the landscape (Franklin and Forman 1987; Swanson and Franklin, 1992; 

Spies et al. 1994; Wallin et al. 1994; Hansen et al. 1995). For example, following a 

clearcut, the variety of tree types, ages and densities is commonly replaced by a single, 

even-aged, fast-growing species (Halpern and Spies . 1995). This strategy quickly renders 

a high volume of marketable board feet (Hansen et al. 1995). However, these structurally 

simple stands lack the standing snags, woody debris, and surviving, large trees that 

provide not only fuel for the natural fire regime but also a diversity of ecological niches 

for native species (Hansen et al, 1995; Rose and Muir 1997).

Across the landscape, a staggered-setting pattern of small clearcuts resulted from 

antiquated objectives to promote ecotonal game species and road construction, while 

dispersing the damaging hydrologic and aesthetic effects of clearcuts (Swanson and 

Franklin 1992). However, these small patches exhibit less core area, increased edge 

density and more simple shapes than the presettlement pattern (Reed et al. 1997; Tinker 

et al. 1998). This alteration of landscape pattern may bear important consequences for 

the disturbance regime (Franklin and Forman 1987; Turner et al. 1994b; Wallin et al. 

1994; Tang et al. 1995) and for species that require large, connected territories (Buskirk 

and Ruggerio 1994; Boone and Hunter 1996; Edenius and Elmberg 1996).

Beyond the physical characteristics of individual patch types and sizes, ecologists 

suggest that humans comprehensively reduce the range of variability in spatial patterns 

across the landscape (Forman and Godron 1986; Swanson et al. 1993). Whereas wildfire 

bums small patches in one area and large patches in another, clearcutting is likely to
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homogenize the landscape in a uniform dispersion of small patches. This "rescaling" of 

the disturbance regime into regular, homogenous patterns is due to administrative and 

logistical constraints aimed at maximizing human resource extraction. Such scaling 

thresholds are common among disturbance types (Urban et al. 1987; Delcourt and 

Delcourt 1988; Turner et al. 1993b; Li et al. 1999), but quantifying spatial heterogeneity 

across a landscape remains a challenge (Scheiner 1992; McGarigal and Marks 1994; 

Gustafson 1998; Meisel and Turner 1998).

Landscape Metrics and Scale

hi comparing natural and human landscape patterns, attention must be paid to 

methods of quantifying landscape pattern. Landscape metrics have emerged as important 

tools for quantifying spatial pattern (Turner 1990; Turner and Gardner 1991; McGarigal 

and Marks 1994; Riitters et al. 1995; O’Neill et al. 1997; Tinker et al. 1998). Such 

metrics provide a dizzying number of measurements, including the number of patches, 

mean patch size, edge density, total core area, shape indices, and fractal dimension, to 

name only a few. Ecologists are increasingly interested in linking landscape metrics with 

ecological processes like dispersal (Turner et al. 1989a; With and King 1999), habitat 

selection (McGarigal and Marks 1994; Edenius and Elmberg 1996; Beauvais and Buskirk 

1997), and population viability (Murphy and Noon 1992; Bascompte and Sole 1996)

However, clear interpretation of landscape metrics is often obscured by the effect 

of scale (Allen and Starr 1982; Turner et al. 1989b; MacGarigal and Marks 1994; Ritters 

et al. 1995; O'Neill et al. 1996; Hargis et al. 1998-; Meisel and Turner 1998). Scale is 

defined by two components, grain and extent (Turner et al. 1989b). Turner (1989b)
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illustrated how analysis of landscape pattern is strongly influenced by each of these 

components. For example, as grain size increases and the landscape coarsens, rare and 

small patches drop out of the sample. Hence, as landscape metrics are calculated, the 

sample distribution is skewed by the resolution of the spatial analysis. Thus, measures of 

landscape pattern are influenced by scale. Similarly, extent influences the measurement 

of landscape pattern. Landscape metrics like dominance and contagion increase as the 

extent of analysis grows (Turner 1989b). However, it remains unclear how to choose the 

appropriate extent of analysis for the process of interest.

Hence, a challenge to ecologists is to interpret landscape metrics while controlling 

for the effects of scale (Allen and Starr 1982; Pickett and White 1985; Forman and 

Godron 1986; Urban et al. 1987; McGarigal and Marks 1994; Allen and Roberts 1998). 

More precisely, ecologists want to understand how scale influences the behavior of 

landscape metrics (Turner 1989b; Hargis et al. 1998). With this understanding, land 

managers can select an appropriate scale for achieving ecological objectives.
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OBJECTIVES AND HYPOTHESES

Objective I: Determine the relative influence of staggered-setting clearcut logging and 
wildfire on both stand structure and landscape spatial pattern. Three hypotheses were

formulated to meet this objective.

Hypothesis I

Forest patches are more fragmented by logging than wildfire. In particular, clearcutting 
creates more edge in the surviving forest than wildfire. Clearcutting produces smaller 
and less variable patch sizes of surviving forest than wildfire. Clearcutting reduces core 
area of surviving forest more than wildfire. Clearcut patches themselves are smaller, 
exhibit less core area and variability in patch size and shape, and show a different 
distribution of patch sizes from wildfire.

The Yellowstone wildfires of 1988 exhibited a highly variable range of patch 

sizes and shapes (Christensen et al. 1989). Turner et al. (1994a) demonstrated that fire 

influenced the degree of spatial patterning at two scales. Driven by strong winds and 

extreme drought conditions, severe canopy fires created large, aggregated, elliptical 

patches across most of the Park (Turner and Romme 1994). Around the periphery of 

these large patches, many smaller patches were burned as embers landed in younger, 

wetter stands or in less windy conditions. These smaller patches were more numerous, 

less severe, and exhibited more complex shapes than the larger canopy fires (Turner et al. 

1994a). Thus, natural fire patterns are highly variable due to the wide range of conditions 

and factors that can influence fire spread.
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Clearcutting, however, operates within a narrower range of human-imposed 

constraints. Traditionally, a uniform, staggered-setting pattern resulted from antiquated 

objectives to promote ecotonal game species, seed rain from nearby stands, and road

building for fire suppression, while dispersing the damaging hydrological effects, and 

unpleasant aesthetics of clearcuts.

Many studies have demonstrated quantifiable trends among the spatial patterns of 

human fragmentation of forested landscapes (Harris 1987; Swanson and Franklin 1992; 

Mladenoff et al. 1993; Spies et al. 1994; Reed et al. 1996; O’Neill et al. 1997; Tinker et 

al. 1998). Franklin and Forman (1987) demonstrated in simulated landscapes how a 

checkerboard pattern of disturbance patches introduced more edge and decreased the 

average patch size and core area more than an aggregated pattern of large patch sizes. 

These results were confirmed in the Pacific Northwest (Swanson and Franklin 1992; 

Spies et al. 1994; Wallin et al. 1994), and in the upper Midwest (Baker 1992b; Mladenoff 

et al. 1993). Studies of Rocky Mountain landscapes exhibit similar patterns of 

fragmentation. (Reed et al. 1996; Tinker et al. 1998). Table I represents a suite of 

measures used by these studies to assess landscape fragmentation.

Table I. List of measures of fragmentation.
Measure Fragmentation Effect

Number of patches Increases
Patch size Decreases
Patch shape Simplifies
Total edge Increases
Core Area Decreases
Number of core areas Increases
Nearest neighbor distance Increases



10

Studies comparing human with natural disturbance on real landscapes are few 

however (Mladenoff et al. 1993). Swanson et al. (1993) hypothesized that clearcutting 

reduces variability across these measures relative to the natural range of variability due to 

wildfire. Tinker et al. (1998) have compared landscape patterns of clearcutting with pre

settlement patterns by digitally removing human features from the landscape using 

geographic information systems (GIS). Similarly, simulated human and natural patterns 

have been generated using neutral landscape models and fractal techniques (With 1997). 

However, no previous efforts have been made to compare the spatial patterns of human 

and natural disturbance on real landscapes in Rocky Mountain ecosystems.

Hypothesis 2

The relationship between landscape extent and certain landscape metrics (patch size, core 
area, edge density) is nonlinear. As extent increases beyond a threshold, the variability of 
landscape metrics will decrease. This threshold will be achieved at a smaller extent of 
analysis for logging than for wildfire, indicating a difference between the scales of these 
disturbance mechanisms.

An emergent theme within landscape ecology is the role of scale in measuring 

landscape pattern (Allen and Starr 1982; Turner et al. 1989b; Turner et al. 1993b; Allen 

and Roberts 1998). Ecologists study scale because they are interested in knowing if a 

measured pattern is due to an ecological process or merely an artifact of the scale of 

analysis. Previous studies have suggested scaling tendencies of disturbance mechanisms 

(Allen and Starr, 1982; Urban et al. 1987; Delcourt and Delcourt 1988; Romme and 

Despain 1989), habitat selection (Wiens and Milne 1989), and dispersal abilities (Lavorel
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et al. 1995; Bellehumeur and Legendre 1998), but few have attempted to explicitly 

quantify thresholds in disturbance scaling.

Meisel and Turner (1998) searched for such thresholds using semivariance 

analysis to assess patterns of spatial autocorrelation in real and artificial landscapes. 

However, results from this technique were difficult to interpret for real patterns and did 

not address landscape metrics. O’Neill et al. (1996) determined that subsampling the 

landscape was necessary to assess spatial variability within landscapes. They determined 

that an appropriate extent of analysis was 2-5 times greater than the feature of interest. 

However, this study addressed only broad landscape-level indices like dominance and 

contagion.

For this study, grain size is fixed, while the extent of a sample window is varied. 

As the size of this sample window increases, we would expect more patches to be 

included in the calculation of an average measure. For example, window sizes that are 

smaller than a single patch express no variance, while a large sampling window will 

allow numerous patches to contribute toward a more representative mean.

However, disturbances occur as scaled processes themselves (Urban et al. 1987; 

Delcourt and Delcourt 1988). Thus, large disturbances would require a larger sample 

window to characterize the average landscape pattern than smaller disturbance types. An 

accurate measure of disturbance pattern could be achieved when the variance of the 

response is no longer strongly influenced by the size of the sampling window. This 

multi-scaled technique could not only identify scaling thresholds among disturbance 

types, but in doing so, could also help determine an appropriate scale for future analyses.
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Hypothesis 3

Stands disturbed by wildfire exhibit more snags and downed logs than clearcut stands. 
This biological legacy is also more variable in burns than clearcuts.

Increasingly, "new forestry" techniques are focused on protecting the important 

ecological role of biological legacy (Swanson and Franklin 1992; Franklin 1992). This 

biological legacy includes standing live trees and coarse woody debris (CWD), which 

includes standing dead trees (snags) and downed logs. Post-disturbance live trees have 

been shown to increase structural complexity, and hence biodiversity, within stands and 

across successional stages (Hansen et al. 1991; Franklin 1992). The importance of coarse 

woody debris (CWD) for ecosystem function had previously been overlooked in 

ecological studies because generation and decay processes are slow and require long time 

periods to monitor (Harmon et al. 1986). However, recent studies have demonstrated that 

CWD, influences nutrient cycling (Turner et al. 1995), succession (Gray and Spies 1997), 

habitat availability (Hoffman 1997), stream morphology (Franklin 1992), and 

biodiversity (Hansen et al. 1991). In their seminal article, Harmon et al. (1986) provide 

an excellent, comprehensive review of the ecology of CWD and its importance for these 

ecosystem processes and characteristics.

Particularly, studies (Harmon et al. 1986; Maser et al. 1988) have modeled 

persistence of CWD through time and successional stages in Pacific Northwest forests. 

Initially after a disturbance occurs, a surge of CWD results from high mortality. This 

residual wood is slow to decompose, especially if snags remain standing for a long time 

or if logs are suspended in a lattice above the ground, which harbors more moisture and
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decomposers (Despain, pers. comm). As the stand ages, this woody material eventually 

fragments, sags, and decomposes, reaching lowest levels of abundance after the post- 

disturbance surge has decomposed, but before the regenerating stand has aged 

sufficiently to contribute large trees to CWD levels. Over the long term, CWD resulting 

from the initial disturbance is replaced by CWD resulting from natural senescence of a 

mature stand (Harmon etal. 1986). The combination of these two mechanisms for input 

of CWD represents a natural cycle that is ubiquitous across systems and natural 

disturbance types.

Post-fire levels of CWD are high because fire typically consumes fine debris and 

bark, leaving thick logs and standing snags. This is true of most disturbance types, which 

consume smaller pieces of wood than larger. Additionally, post-fire CWD reflects pre

disturbance tree density and primary productivity which is driven by numerous factors 

including disturbance type, soil nutrient levels and depth, slope, aspect, elevation, and 

microclimatic variables. Hence, post-fire CWD is highly variable (Harmon et al. 1986).

Clearcutting, on the other hand, imposes a uniform severity, removing all standing 

trees and then piling and burning any remaining slash. This strategy reduces the pre

disturbance variability in CWD to allow for efficient extraction of timber and also the 

quick regeneration of even-aged stands, free of competition for light and nutrients. Thus, 

it is logical to assume that silvicultural techniques that specifically remove larger logs 

will decrease the amount and variability of CWD more than wildfire. However, few 

studies have quantified the loss of CWD due to clearcut logging (Tritton 1980). 

Additionally, to my knowledge, no such studies have been attempted in Rocky Mountain
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ecosystems. Hence, I aim to estimate the amount of CWD removed from National 

Forests in the Greater Yellowstone Ecosystem. Consequences of this removal of CWD 

are explored by hypothesis 4.

Objective 2: Examine ecological consequences of these hypothesized differences 
between clearcutting and wildfire for the natural fire regime.

Hypothesis 4

Under certain climate conditions, wildfire has a higher probability of spreading through 
landscape patterns generated by previous fires than landscapes disturbed by clearcut 
logging. Only when even-aged clearcut stands reach maturity do fuels become 
connected. A burned landscape is contiguous throughout successional stages.

Many landscape ecologists have suggested that the probability of future 

disturbances, like wildfire, is altered by spatial patterns (Tang et al. 1997; Turner and 

Romme 1994; Turner et al. 1989a; Franklin and Forman 1987; Picket and White 1985; 

Forman and Godron 1986). Specifically, it has been suggested that after ignition the 

fragmenting pattern of clearcuts and roads would act as fire breaks, inhibiting, the natural 

fire pattern.

A challenge to fire ecologists is to identify a threshold in burning conditions 

where the spatial pattern of fuels influences fire spread (Turner and Romme 1994; 

Gardner et al. 1996). Identifying this threshold could provide insight for forest managers 

to prescribe fire to effect desired levels of landscape heterogeneity. Therefore, it is 

important to explore the mechanisms of fire spread.
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Climate is the primary determinant of fire size, shape, severity, and dispersal. 

When weather conditions are extremely dry, hot and windy, crown fires burn large, 

elliptical patches dominated by severe canopy burn (Turner et al. 1994a). These wind- 

driven fires spread primarily through "fire spotting", the lofting of embers downwind by 

convection currents generated by the fire itself (Turner and Romme 1994). In simulated 

fires, Hargrove et al. (1994) observed that fire spotting increased the rate of spread 4-8 

times faster than surface diffusion alone. Under these conditions, the spatial distribution 

of fuels is overridden by intense, wind-driven, canopy fire.

Less extreme weather conditions allow forests to burn more moderately. Instead 

of fire spotting as a primary mechanism, these moderate burns are more dependent on 

diffusion processes governed by variations in fuel ages, conditions, and distributions 

(Turner and Romme, 1994). Therefore, a closer examination of fuel conditions is 

warranted.

Canopy fires develop in mature forests that exhibit a developed understory with 

high levels of dead wood and standing snags (Romme 1982; Despain 1990; Turner and 

Romme 1994, Hargrove et al. 1994). The role of this coarse woody material has been 

overlooked by most mechanistic, fire simulation models. These models focus primarily 

on surface diffusion through accumulated fine litter and duff (Rothermel 1972; Burgan 

and Rothermel 1984). Van Wagner (1977) and Turner and Romme (1994) have 

examined the conditions needed for crown fires. However, these studies failed to 

explicitly examine the role of coarse woody debris in the generation of embers.
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Within stands, I suggest that the amount of coarse woody material contributes to 

the generation of embers and higher temperatures to promote fire spotting. Across the 

landscape, this fire spotting is more likely to initiate a second ignition if the spatial 

pattern of mature fuels exhibits large, contiguous core areas. I tested these hypotheses 

with field studies and simulation modeling in the GYE.
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STUDY AREA

The study area includes 540,516 ha along the boundary of Yellowstone National 

Park (YNP) with Targhee National Forest (TNF) (Fig. I). This area was selected to 

represent three types of spatial patterns: (I) staggered-setting clearcut logging in TNF, 

(2) patterns created by the 1988 wildfires in YNP, and (3) areas without major 

disturbance in the last century.

The 100,606 ha study site in the TNF contains clearcuts resulting from salvage 

logging efforts after a pine beetle infestation during the 1970’s. The TNF study site 

extends east from US Highway 191 to the YNP boundary. The north-south extent of the 

TNF study area ranges from the southern boundary of YNP to the southern extent of 

Montana.

The 383,707 ha YNP study site contains the Fan and North Fork fires of 1988. 

These fires range from the Bechler River source in the south to the northern YNP 

boundary. The YNP study site extends from the TNF boundary to the eastern extent of 

the North Fork Fire near the Grand Canyon of the Yellowstone. The undisturbed portion 

of the study area includes 56,203 ha in YNP. The Southern and Western boundaries are 

the same as YNP. The Northern boundary adjoins the Southern extent of the YNP study 

site near the Bechler River source. The Eastern extent is 552,586 m in UTM zone 12.
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Figure 1. The three study areas are outlined in white with disturbance patches in red.
A1 represents the burned landscape within YNP, 1B1 the clearcut Iandscapewithin INF. 
Study site 1C  represents a landscape unaltered by major disturbance in the past century.
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Perched on broad plateaus created by volcanism and ash flows approximately 50 million 

years ago, the study site ranges from 1,600 m to 2,800 m elevation (Rodman et al. 1996). 

The topography is generally uniform, moderately intersected by shallow drainages and 

several steep bluffs exposed by fluvial erosion. This high region is drained primarily by 

the Madison-Firehole-Gibbon watershed. In addition, the Bechler, the Gallatin, the 

Gardiner, the Yellowstone, and the Lamar rivers also drain the periphery of the study 

area.

The growing season is short at this elevation range. Average monthly 

temperatures at West Yellowstone range from -10.6° C in January to 15.3° C in July 

(Despain 1990). The study area spans a steep gradient in precipitation. Mean annual 

precipitation ranges from 26 cm in the North (Mammoth Hot Springs) to 205 cm in the 

South (Bechler Ranger Station). Most of this precipitation falls as snow during the 

winter. Snowpack typically remains until June (Despain 1990).

Nutrient-poor rhyolite soils and rhyolitic ash flows dominate the study site and 

contrast sharply with organic-rich andesitic soils towards the northern extent of YNP. 

This rhyolitic soil is porous and retains little soil moisture (Rodman et al. 1996; 

Bowerman et al. 1997). Hence, primary productivity, and therefore fuel accumulation, is 

limited by temperature, nutrient availability, and moisture (Hansen et al. 2000).

Lodgepole pine (Pinus contorta) has adapted well to this range of conditions and 

is the dominant vegetation across the study site (Despain 1990). Lodgepole pine is 

positioned along an elevational gradient among other forest vegetation types. Below the 

lodgepole range, Douglas fir (Pseudotsuga menzisii) dominates the landscape. At higher
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elevations, limber pine (Pinus flexilis), subalpine fir (Abies Lasiocarpa) and Englemann 

spruce (Picea Englemanni) dominate. Whitebark pine (Pinus albicaulis) is most 

common at the highest elevations, just below treeline (Despain 1990). Importantly, the 

Madison Plateau in YNP exhibits more meadow patches than the slightly lower TNF 

landscape.

The structure of these forest types is dictated by succession following disturbance. 

Despain (1990) classified lodgepole-dominated stands into four serai stages: LPO, LPI, 

LP2, LP3. LPO is the youngest stage immediately following stand-replacing disturbance. 

This stage typically persists until the stand is approximately 40 years old. LPl represents 

a stand that is 40-150 years old and exhibits a closed canopy in a stem exclusion phase 

with little understory. LP2 are lodgepole stands that are 150-250 years old, exhibiting a 

closed canopy with an understory of Englemann Spruce, Subalpine Fir, and Lodgepole 

Pine seedlings. An herbaceous understory is also present in this fuel class. LP3 stands 

are older than 250 years, and exhibit a developed understory with a broken, 

heterogeneous canopy resulting from increased lodgepole pine mortality. The amount of 

coarse woody debris and standing dead trees increases progressively through each 

successional stage. The proportions and spatial distributions of these forest types vary 

depending on the time since disturbance.

Wildfire in particular has received special attention as a ubiquitous disturbance 

that has greatly influenced the forest structure of the GYE. The wildfire regime in the 

GYE can be categorized according to two scales (Romme 1982; Romme and Despain 

1989). Small surface fires occur frequently in the system, removing understory herbs,
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shrubs, and grasses in localized areas only (Despain 1990). This disturbance regime 

contrasts sharply with the large, infrequent wildfires that engulf entire stands and 

dramatically restructure the Yellowstone landscape. Such crown fires have occurred 

commonly throughout the Holocene in the GYE, as evidenced by fire scars (Romme 

1982; Romme and Despain 1989) and lake sediment cores (Millspaugh and Whitlock 

1993). Returning every 200-400 years, these rare canopy fires are dependent on the 

combination of extreme drought conditions with sufficient fuel loads that are slow to 

develop in such a high alpine environment (Romme 1982, Turner and Romme 1994, 

Hargrove et al. 1994). Despite the human-caused ignition of the North Fork Fire, most of 

the ignitions during the summer of 1988 were lightening strikes. These burned patches 

exhibited high levels of biological legacy and produced a highly variable range of patch 

sizes and shapes. Driven by high winds, burned patches tend toward large, long, 

elliptical shapes.

The TNF study site experienced a pine beetle infestation during the 1970’s and a 

salvage logging effort was initiated by the U.S. Forest Service. This clearcut logging 

created a dense mosaic of severely disturbed, uniform patches within a thinly-connected 

forest matrix. After trees were harvested, residual slash was piled and burned, not only 

removing biological legacy but also minimizing spatial variability within the regenerating

stand.
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METHODS

I tested the hypotheses by conducting studies at two scales: (I) At the landscape 

level, spatial patterns of clearcuts and wildfires were measured using landscape metrics. 

(2) A finer-scale field study focused on post-disturbance biological legacy within stands. 

Ecological consequences of each disturbance type were examined through a fire 

simulation fire simulation model.

Landscape Scale

Experimental Design

As a preliminary analysis to determine if clearcutting affects a different
y

proportion of the landscape than wildfire, I sampled 150 overlapping, randomly 

positioned landscapes for each of 10 extents ranging from 1-10 km2. Landscapes that 

extended beyond the full extent of the imagery were excluded so that skewed proportions 

were not introduced. These landscapes were then grouped into a frequency distribution 

displaying the percentage of the landscape that was disturbed on the x-axis.

To test for differences in spatial pattern between disturbance types (Hi), I 

performed a 2-way ANOVA (Table 2) at each of 10 landscape extents (I km2 - 100 km2). 

To control for the percentage of the landscape that was disturbed, I stratified the analysis 

into three groups: 25-35%, 35-45%, 45-55%. The selection of these strata was based on 

subjective interpretation of exploratory frequency distributions of 200 overlapping,
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randomly positioned, sample landscapes. Because the majority of the data fell between 

25% - 55% disturbed, I stratified the sampling within this range. The ANOVA was 

performed separately at each of 10 landscape extents in order to avoid violations of 

independence assumptions (For example, a 25 km2 analysis window may also contain a 

previously sampled I km2 landscape). Each nonoverlapping landscape was completely 

contained within the maximum extent of the imagery such that false edges would not 

skew the metrics’ values.

Table 2. Strata for two-factor ANOVA of landscape pattern under two 
_______ disturbance types performed separately at each of ten extents.

Disturbance Percent of Extent (km per side)
Type Landscape Disturbed I 2 3 4 5 6 7 8 9 10

25^35% 5 5 5 5 5 5 5 5 5 5
Burn 35-45% 5 5 5 5 5 5 5 5 5 5

45-55% 5 5 5 5 5 5 5 5 5 5
25-35% 5 5 5 5 5 5 5 5 5 5

Clearcut 35^15% 5 5 5 5 5 5 5 5 5 5
45-55% 5 5 5 5 5 5 5 5 5 5

To test for scale effects on landscape patterns (H2), I plotted frequency 

distributions of landscape metrics from 150 overlapping "sample landscapes" across each 

of 10 extents incrementing from I km to 10 km on a side. These plots are not testable 

with standard parametric statistics because independence assumptions are violated due to 

overlapping landscapes. Nevertheless, overlapping samples were necessary because the 

larger extents suffered from small sample sizes. For example, only one nonoverlapping 

100 km2 landscape could possibly be sampled from imagery whose maximum extent is 

225 km2. Additionally, confounding factors included the random positioning of each 

sample and the requirement that the sample must be completely contained within the
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maximum extent of the imagery. This latter requirement was necessary to avoid 

introducing false edges into the sample and skewing the metrics’ responses.

I consciously restricted the scope of this study to the effects of clearcuts alone, 

excluding any analysis of roads networks. However, it has been documented in the 

Medicine Bow mountains of Wyoming that roads actually account for greater 

fragmentation of the landscape than clearcuts (Tinker et al. 1998).

Data Sources

To test for differences in landscape pattern between the two disturbance types, 

landscape metrics were calculated from land cover maps representing three cover types: 

disturbed forest, undisturbed forest, and non-forest. The Burned Area Survey of 

Yellowstone National Park, (Despain et al. 1989) was used to represent burned patches 

from the summer of 1988. LandSat satellite imagery from that year was reclassified at 50 

m resolution into 6 categories: Canopy Burn, Mixed Burn, Nonforested Burn, 

Undifferentiated Burn, Forest and Nonforest. I modified these data by merging ’Canopy 

Bum’ and Mixed Burn’ classes into a single class because resulting tree mortality is 

roughly equivalent (Despain pers. comm). A small proportion of pixels was classified as 

’undifferentiated burn’ where evidence of fire was present, but undistinguishable from 

canopy, mixed, or surface burn. This class was grouped with the nonforest cover type. 

The minimum mapping unit for the YNP land cover imagery was 5 acres.

The clearcut landscapes were represented by TNF stand inventory databases. 

These data were collected and updated using aerial photographs, timber sale descriptions, 

and "timber cruising" methods in the field. The minimum mapping unit for the TNF is
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unknown because methods and scales of data acquisition vary. However, it is assumed 

that these techniques render the most accurate land cover data available for the TNF. To 

avoid errors due to inconsistent grain size, these data were rasterized at a 50 m resolution 

using the ARC/INFO Polygrid’ algorithm. I reclassified lodgepole pine stands younger 

than 35 years to represent clearcut patches. The selection of these stands was based on 

the assumption that the primary disturbance in the TNF has been clearcutting since the 

large salvage harvest efforts in the early 1970’s. Nonforest cover types were grouped to 

represent a single class, as were cover types older than 35 years.

Sampling

The sampling of landscapes for these analyses was conducted by a program 

written in the ARC/INFO Macro Language (AML)(Figure 2). The program required 

input concerning the type of disturbance (clearcut or wildfire), the extent of the sample 

landscape (I km2 - 100 km2), the desired percentage disturbed (25-35%, 35-45%, 45- 

55%), and the number of nonoverlapping replicates desired. Using these parameters, the 

program used the ’random’ function to select a random pair of coordinates within the 

extent specified by the disturbance type (TNF or YNP). From this pair of coordinates, a 

square polygon was created at the specified extent. This polygon was then used to "clip" 

the sample landscape from the imagery. Next, the clipped landscape was examined in the 

INFO database to ensure (I) that the desired percentage of disturbance was achieved, (2) 

that the sample fell completely within the full extent of the imagery, and (3) that the 

sample would not overlap any previously sampled landscapes. If these criteria were not



met, the program looped, beginning with a new pair of random coordinates until the 

desired number of replicates was achieved.
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Landscape Metrics

Using the FRAGSTATS software (McGarigal and Marks 1994), I calculated nine 

class-level metrics to test for differences in spatial pattern between disturbance types. 

These included: Mean Patch Size (MPS), Patch Size Coefficient of Variation (PSCV), 

Total Core Area (TCA), Number of Core Areas (NCA), Edge Density (ED), Mean Shape 

Index (MSI), Mean Proximity Index (MPI), Mean Nearest Neighbor Distance (MNN) 

and Double-Log Fractal Dimension (DLFD). Several of these measures are indices that 

are require some interpretation. MSI represents patch shape complexity, as measured by 

deviance from a simple square. MPI is a measure of isolation and fragmentation of the 

cover type. DLFD is a measure of pattern consistency across scales. This is calculated as 

a regression of the perimeter-area ratio across multiple scales. Because this landscape 

metric requires a regression analysis, it is vulnerable to small sample sizes (ie. number of 

patches within the landscape). For each disturbance type, metrics were calculated for 

both disturbed and undisturbed forest classes.

Statistical Analysis

Most variables met the assumptions of ANOVA of normal distribution of 

residuals and homogeneity of variance. Where diagnostic plots indicated a violation of 

these assumptions, a square root or logarithmic transformation was applied to the 

response variable. The two-way ANOVA was performed at the a = .05 significance
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level. The two factors were the percent of the landscape disturbed and the disturbance 

type.

Because the sampling method used for examination of scale effects relied on 

overlapping analysis windows, statistical assumptions of independence were violated. 

Therefore, parametric statistical tests were impossible and I relied on frequency 

distributions to illustrate trends among landscape metrics across the 10 extents.
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Stand Scale

Experimental Design

To test for differences in biological legacy between the two disturbance types 

(Hs), I conducted field studies in the TNF and YNP during the summers of 1998 and 

1999. A total of 43 disturbed lodgepole pine stands were sampled using to a stratified, 

random design to measure coarse woody debris and snag density (Table 3). The 3 strata 

representing disturbance types were (I) high-severity canopy burn, (2) low-severity 

mixed bum and (3) clearcut. These strata were selected to account for the way 

disturbance may affect biological legacy due to differing rates of decay, conversion of 

standing snags to down logs, and percentage of mortality. The strata representing burned 

stands were further stratified by month of burn to account for differences in burning 

conditions and therefore, perhaps biological legacy.

Table 3. Strata for Field Sampling.

Month (approximates burning condition)

July August September

Clearcut - n=22 -

Canopy Burn n=5 n=5 n=5

Mixed Burn n=3 n=2 n=l

To represent clearcut patches, I used the ARC/INFO Macro Language (AML) to 

randomly select lodgepole-dominated stands that were of seedling or sapling size-class 

from the TNF stand inventory GIS databases. These size classes represent stands of



31

approximately 5-15 years of age (Despain 1990). Therefore, these stands were likely 

clearcut at the approximate time when the 1988 wildfires burned lodgepole stands in 

Yellowstone Park.

To represent wildfire disturbance types, I again used the AML Random’ function 

to select those stands that Despain et al. (1989) classified as ‘mixed burn’ and ‘canopy 

burn’ from 1989 LANDSAT imagery. To further stratify wildfires by weather condition, 

1988 Fire Perimeter Maps (Rothermel et al. 1994) were overlaid to select polygons that 

burned during the months of July, August and September. To reduce the risk of spatial 

autocorrelation, all samples were separated by at least I km. To achieve sufficient 

subsamples per stand, only stands greater than 20 hectares were selected.

In the field, aerial photographs were used to locate patch boundaries. Within each 

stand, ten 10 m2 quadrats were established (Fig. 3). Each subsample quadrat was located 

at least 50 m from a stand edge. A 5 point transect was established at 100 m intervals 

from the stand edge towards the farthest edge of the stand. Orange flags marked each 

point along the transect. Fifty meters from each flag, two 10 m2 quadrats were positioned 

perpendicular to the transect. The end of each 50 m tape measure represented the 

southwest corner of the quadrat.

Within each quadrat coarse woody debris and snag density were measured. The 

length of each log was measured and the diameter at each end was recorded to enable the 

volume of coarse woody debris to be estimated. Coarse woody debris was defined as any 

down tree that was greater than 7.5 cm in diameter (Targhee National Forest 1997). If a 

log extended beyond the quadrat, the length was measured only up to the edge of the
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quadrat. Five decay classes, as defined by U.S.D.A. Forest Service (Targhee National 

Forest 1997) were also recorded for each log. In addition to CWD, the dbh and height 

class for each snag were recorded. For this study, a snag was defined as any standing 

dead woody material that was greater than 7.5 cm in diameter.

Figure 3. Transect sampling for CWD and snag density.

Statistical Analysis

A one-way Analysis of Variance (ANOVA) was conducted to test for differences 

in volume and length of snags and coarse woody debris across disturbance types and 

burning conditions. I also performed ANOVA’s separately at each of three size classes 

(7.5-15 dbh, 15-25 dbh, and >25 dbh). Additionally, a multiple comparison test was 

performed to differentiate between disturbance types and to test for differences in decay 

class and size class. Hypotheses were tested at the a = .05 significance level.
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Wildfire Simulation

Experimental Design

To examine consequences of each disturbance type on the fire regime, wildfire 

dispersal was simulated using the Ecological Model for the Burning of Yellowstone 

Region (EMBYR), a probabilistic cellular automata dispersion model (Hargrove et al. 

1994). I simulated fires on landscapes representing three different fuel patterns: I) 

clearcut, 2) wildfire, and 3) natural patterns without major disturbance in the past century. 

Fires were simulated on each landscape under 4 different weather scenarios: I) wet, no 

wind; 2) dry, no wind; 3) dry, moderate wind; 4) extremely dry and windy. To examine 

future fuel patterns, landscapes were aged 40, 80, 120, and 300 years into the future and 

fires were simulated. Cumulative area burned was calculated from risk maps resulting 

from 200 random ignitions per landscape, per weather scenario, and per time step (Table 

4).

Table 4. Experimental design for EMBYR analysis at each time step.______

Weather Conditions
Fuel Pattern Wet, no 

wind
Dry, no

wind moieTwind

Extremely 
dry and 
windy

Clearcut (n=5) 

Burned (n=7) Cumulative area at risk

Forest (n=2)
From 200 ignitions
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Model Description

A stochastic cellular automata model, EMBYR relies on probability matrices to 

determine how fire will spread from one 50 m cell to another. Fire spread is determined 

by examining each burning cell relative to each of its 8 adjacent cells. A probability 

matrix determines the likelihood of diffusion from a burning fuel type to an unburned 

fuel type. These probabilities are adjusted to represent various burning conditions, 

including fuel moisture, wind speed and direction. Successful fire dispersal to each 

neighboring cell is evaluated independently by comparing the cell’s adjusted burn 

probability to a random number. If the probability is less than the random number, then 

fire spread occurs.

Importantly, EMBYR is unique in its ability to simulate fire spotting across the 

landscape. The number of firebrands generated by a burning cell is controlled by the fuel 

type and wind conditions. The maximum distance these firebrands travel is controlled by 

the SPOT subroutine written for the BEHAVE fire model (Burgan and Rothermel, 1984). 

These fire brands ignite other fuels if a randomly generated number is less than the 

weather-adjusted burn probability of the target fuel type. Hargrove et al. (1994) has 

demonstrated how such fire spotting increased the speed of percolation 4-8 times faster 

than through diffusion alone.

EMBYR relies on fuel classifications specific to the Yellowstone Ecosystem. 

Successional stages of the dominant fuel, lodgepole pine, have been classified by Despain 

(1990) into the following categories required by EMBYR. LPO represents those

lodgepole pine stands that have been recently disturbed and are less than 40 years of age.
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Down logs, standing snags, forbs and grasses contribute to most of this low fuel type. 

LPl represents stands that are 40-150 years old and exhibits a closed canopy in a stem 

exclusion phase with little understory or coarse woody debris. LP2 are lodgepole stands 

that are 150-300 years old, exhibiting a closed canopy with an understory of Englemann 

spruce, subalpine fir, and lodgepole pine seedlings. An herbaceous understory is also 

present in this fuel class. LP3 stands are mature, older than 300 years (Despain 1990). 

These stands exhibit a fuel ladder from a developed understory up to the broken, 

heterogeneous canopy resulting from increased lodgepole pine mortality. Hence, burn 

probabilities increase with the successional stage of dominant vegetation. In addition to 

these 4 categories of forest fuels, non-forested areas, including grassland and sage 

meadows are grouped into a single fuel classification that is more likely to express a 

slight surface burn probability (Hargrove et al. 1994).

To represent burning conditions, EMBYR is parameterized with fuel moisture 

level, wind speed and direction. Fuel moisture is measured by the 1000 hour fuel 

moisture index (THEM). This index measures moisture in coarse woody debris and is 

therefore less susceptible to subtle variations in drought conditions. EMBYR requires 

three levels of fuel moisture: I) wet, THEM index wetter than 16%; 2) moderate, THEM 

index between 12% and 16%; and 3) dry, THEM index less than 12%. Wind speeds are 

parameterized according to low (0-5 mph), moderate (5-15 mph), and extreme (>35 

mph). Wind direction can be specified according to the 8 cardinal and sub-cardinal

directions.
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Model Parameters

I used nonoverlapping 100 km2 landscapes for fire simulations. To decide on this 

scale of analysis, I relied on exploratory frequency distributions. Also, O’Neill et al. 

(1996) have recommended that the spatial extent of analysis should be 2 to 5 times larger 

than the patch size of interest. Previous analysis showed that most patch sizes were 

smaller than 2 kilometers. In addition, the maximum distance for fire spread by "fire 

spotting" is 300 meters. Therefore, a 100 km2 landscape should allow not only fuel 

patterns to express themselves, but it also provides ample opportunity for percolation to 

occur across the landscape. Hence, a 100 km2 extent is appropriate for testing under 

which conditions spatial patterns of fuel will alter the natural fire regime.

Landscapes were clipped randomly from study areas representing four fuel 

distributions, (I) undisturbed forest, (2) early bum, (3) late burn, and (4) clearcut. Early 

burn was distinguished from late burn because Turner et al. (1994) have shown that 

wildfires that burned later in the 1988 summer burned larger and exhibited different 

spatial patterns than those that burned during the cooler, wetter, early summer months. 

The undisturbed forest landscapes in YNP represent a control group. However, these 

control landscapes are naturally more heterogeneous due to more alpine meadows on the 

Yellowstone plateau. Importantly, fuel characteristics of the clearcut landscapes differed 

from burned, Based on results from field data, clearcut patches were classified as a non

forest fuel category while burned patches were assigned a fuel type of LP0.
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I simulated 4 burning conditions, (I) wet, no wind; (2) moderate fuel moisture 

with winds 5-35 mph, (3) extremely dry and windy (4) extremely dry, no wind. This last 

stratum represents burning conditions that are hypothesized to express the role of the 

spatial pattern of fuels (Hargrove et al. 1994). All wind was simulated from the 

prevailing wind direction, the Southwest (Dirks 1976; Hargrove et al. 1994).

Each landscape was modeled to represent fuel conditions at 0, 40, 80, 120, and 

300 years into the future. Upon canopy closure 40 years post-disturbance, both burned 

and clearcut landscapes were classified as LPl. To age the landscapes, the time step (40, 

80, 120, and 300 yrs) was added to the median age for each existing fuel type. For 

example, at time zero, an LPl stand was assumed to be on average 55 years old. 40 years 

into the future, this stand would be 95 years old, remaining an LPl stand. However, after 

120 years, this stand would be 175 years of age, the LP2 fuel category. These landscapes 

were aged assuming no major disturbance occurred until the simulated fire.

Statistical Analysis

A two-factor ANOVA was performed at each time step to test for differences 

between clearcut and burned landscape patterns (Table 4). The two factors in the model 

included the fuel pattern and the weather scenario. The cumulative area burned by 200 

random ignitions was the response variable. Tested were conducted at the a = .05 

significance level. Diagnostic plots were examined to confirm that assumptions were

met.
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RESULTS 

Landscape Scale

Hypothesis I: Forest patches are more fragmented bv logging than wildfire.

Frequency distributions of 9,458 overlapping landscapes ranging from 1-100 km2 

indicate that clearcuts more often cover a restricted percentage of the landscape compared 

to burned areas (Fig. 4). The proportion of landscapes covered by clearcuts in the TNF 

was mostly between 20% and 80%. Wildfire, on the other hand, is more variable, 

sometimes extending across the entire landscape and sometimes hardly burning at all, 

despite various window sizes. Hence, the wildfire distribution is high for small 

percentages, plateaus across the middle percentages, and decreases abruptly at large 

percentages of the landscape. This skewed distribution for wildfire will likely bias 

average metrics towards those smaller, but more numerous burns.
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Figure 4. This graph is a frequency distribution of 9,458 landscapes 
sampled across all extents (1-100 km2). The x-axis represents the 
percentage of the landscape

Disturbance patches within clearcut landscapes exhibited significantly less total 

core area (TCA), despite a greater number of core areas (NCA), than burned patches 

(Table 5). Clearcuts also exhibited more complex shapes (MSI) and greater mean 

proximity index (MPI) than burn. Interestingly, mean patch size (MPS) failed to 

differentiate disturbance types. However, the variability of patch sizes (PSCV) is 

significantly greater for burned patches than clearcuts. The double-log fractal dimension 

(DLFD) was lower for clearcut patches than for burned patches.
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Table 5. Comparison of landscape metrics for disturbed patches within burned or 
clearcut landscapes. Significant results are in bold.

Extent Disturb MPS PSCV ED TCA NCA MSI MNN MPI DLFD
I km2 Burn X 15.72 101.80 30.20 0.16 033 1.60 70229 2203 0.30

SD &0J 43.43 21.41 0.40 0.49 7.20 7.99 11.21 0.11
Clearcut X 13.00 77.09 43.07 0.33 0.37 1.41 113.23 24.72 0.27

SD 3.47 50.40 9.30 0.72 0.32 1.15 7.38 5.91 0.37
4 km2 Burn X 18.05 220.27 33.38 5.41 7.87 7.97 90.38 93.38 1.43

SD 2.73 7237 74.77 2.39 7.47 0.32 1.65 2.93 0.09
Clearcut X 7P.2J 748.93 40.87 3.37 2.00 1.57 95.11 88.07 1.32

SD 1.91 3207 10.60 3.32 '  1.07 0.24 7.47 2.39 0.09
9 km2 Burn X 23.83 273.96 49.43 33.11 3.67 1.65 8797 430.89 1.43

SD 247 89.93 20.40 9.29 7.73 7.20 7.73 39092 0.72
Clearcut X 34.98 164.23 38.74 33.30 5.29 7.33 73040 159.63 1.33

SD 1.95 33.43 8.40 7.74 2.40 1.16 7.80 112.16 0.00
16 Icm2Burn X 17.93 375.38 49.39 9232 5.07 1.51 89.04 388.74 7.43

SD 2 2 7 107.91 7284 97.24 222 0.14 27.23 77072 0.00
Clearcut X 28.37 179.02 40:34 65.13 9.17 1.60 98.02 27729 1.30

SD 1.70 89.34 3.37 47,07 4.04 0.16 27.72 227.42 0.03
25 km2 Burn X 30.33 485.55 43.03 166.48 10.07 1.44 89.02 808.64 1.44

SD 2230 743.77 73.34 119.51 4.33 0.13 78.84 38077 0.07
Clearcut X 33.24 249.66 47.84 111.59 12.79 1.61 107.61 404.97 1.34

SD 77.42 80.37 3.89 87.79 4.38 0.72 28.32 233.04 0.07
36 km2 Bum X 37.73 448.27 4087 243.83 14.53 1.53 83.00 888.68 1.45

SD 23.82 89.47 13.33 174.03 4.34 0.12 1.21 778.43 0.04
Clearcut X 38.02 302.12 42.37 794.39 19.29 1.60 96.67 509.98 1.34

SD 20.22 145.34 3.34 72289 3.08 0.15 1.13 732.38 0.07
49 km2 Burn X 33.38 610.76 4270 395.16 16.73 1.47 90.81 1,546.27 1.46

SD 78.89 73774 11.21 33.78 3.93 0.13 1.24 743.39 0.04
Clearcut X 33.89 307.80 47.32 222.74 25.27 1.59 99.32 478.56 1.32

SD 7200 709.38 3.73 7280 4.73 0.09 1.15 84.23 0.03
64 km2 Burn X 44.33 662.15 3028 651.26 20.20 1.42 107.34 2,455.63 1.45

SD 7.92 743.09 13.61 30.07 7.43 0.09 1.55 734.30 0.04
Clearcut X 33.08 300.09 4034 285.85 33.07 1.61 9207 559.08 1.33

SD 1.60 74.30 3.88 34.39 7024 0.11 1.14 743.83 0.03
81 km2 Burn X 26.14 738.29 42.09 659.50 27.37 1.43 91.71 1,620.19 1.47

SD 1.65 163.05 11.19 339.33 7.43 0.08 27.78 2.23 0.03
Clearcut X 42.57 325.27 4000 943.72 3747 1.60 94.79 581.96 7.32

SD 2.13 72272 3.03 333.38 74.48 0.08 72.90 3.50 0.04
100 Burn X 33.30 861.12 39.47 994.82 33.38 1.41 100.14 2,948.94 7.47
km 2 SD 1.81 79&30 0.37 61.76 7.37 007 7799 2.11 0.02

Clearcut X 33.33 378.22 40.03 564.16 30.33 1.59 93.29 588.45 7.32
SD 1.56 743.09 0.04 08.70 70.20 0.03 72.74 2.83 0.03

Surviving forest patches in clearcut landscapes are larger (MPS) and less variable 

(PSCV) than surviving forest in burned landscapes. However, these large forest patches 

exhibit less TCA, but greater NCA, than forest stands surviving wildfire. Forested
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patches in clearcut landscapes exhibit more complex shapes (MSI), greater proximity 

index (MPI) and longer mean nearest neighbor distance (MNN).

For both disturbance and forest patch types, edge density failed to differentiate 

between disturbance types. However, frequency distributions across all extents sampled 

suggested clearcuts express less variability in edge density than burns.
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Table 6. Comparison of landscape metrics for remnant forest patches within 
burned or clearcut landscapes. Significant results are in bold.

Extent Disturb MPS PSCV ED TCA NCA MSI MNN MPI DLFD
I km2 Burn X 15.30 747.99 3787 3.04 7.03 1.51 89.09 44.87 1.31

SD 2.43 83.82 2732 7.83 1.210 0.03 39.10 43.00 0.70
Clearcut X 33.91 67.68 43.07 7.90 7.20 7.74 168.49 2277 224

SD 39.40 9.30 2 24 2.79 0.03 709.20 38.78 0.07
4 km2 Burn X 11.42 335.87 39.93 34.72 7.93 1.38 73.80 248.48 1.40

SD 2.28 73.30 77.74 3234 222 0.01 29.80 700.74 0.10
Clearcut X 57.87 140.09 47.73 24.83 2.73 2.04 709.77 22243 7.40

SD 2.34 63.13 11.42 2240 2 07 0.03 9230 78247 0.09
9 km2 Burn X 13.44 417.64 33.83 114.85 2.40 1.34 80.43 379.84 1.41

SD 2.8P 700.42 23.28 36.13 2.03 0.01 28.37 37298 0.15
Clearcut X 87.62 189.75 40.77 80.09 6.14 1.98 98.73 383.08 7.43

SD 7.72 40.51 8.74 27.20 2 23 0.01 3787 38287 0.73
16 km2 Bum X 14.49 591.93 62.56 79233 5.23 1.38 09.27 274879. 7.48

SD 2 0 7 150.23 78.48 708.22 1.93 0.01 74.70 739.90 0.08
Clearcut X 115.55 239.30 41.83 707.40 9.52 2.13 91.46 7,200.08 7.44

SD 2.00 88.03 0.20 100.09 1.55 0.05 38.89 897.03 0.07
25 km2 Burn X 17.03 690.15 48.73 571.65 6.87 1.32 74.59 1,171.07 1.43

SD 7.94 93.43 2247 430.40 3.04 0.01 73,02 707.02 0.10
Clearcut X 137.15 226.99 43.00 303.89 14.64 2.08 92.29 2,149.44 .2 4 4

SD 2.29 83.22 7.23 788,00 4.43 0.02 29.08 237227 0.03
36 km2 Burn X 14.89 838.99 51.04 711.05 10.40 1.30 76.42 280773 7.40

SD 1.80 734.07 78.93 502.35 5.12 0.00 10.17 7,77290 0.07
Clearcut X 136.17 335.44 44.00 476.11 20.57 1.96 89.90 2,008.03 1.46

SD 208 87.07 5.13 274.98 4.30 0.23 2737 7,704.30 0.04
49 km2 Burn X 16.45 920.67 3.81 1, 077.15 11.40 1.31 77.94 2,028.96 1.46

SD 7.88 157.30 0.40 605.30 4.90 0.01 7280 220737 0.08
Clearcut X 160.072 387.54 3.74 754.05 24.02 2.00 88.36 3,655.05 7.40

SD 2 4 7 115.57 0.15 30223 4.90 0.03 70.34 7,039.70 0.04
64 km2 Burn X 19.88 976.13 39.22 1,825.63 11.67 0.24 8289 2,525.19 1.43

SD 1.75 703.32 70.77 894.43 0.09 0.04 17.41 273027 0.07
Clearcut X 155.20 419.43 47.28 853.87 3273 0.08 90.77 4,472.53 7.47

SD 2.04 133.52 3.78 428.23 8.28 0.20 2228 2,894.30 0,04
81 km2 Burn X 18.38 1,200.49 40.77 2,036.83 18.67 1.30 74.31 4,083.03 7.47

SD 1.70 737.94 11.86 830.32 0.38 0.04 207 2,402.93 0.03
Clearcut X 120.92 472.22 47.72 930.88 38.67 1.82 102.59 279&04 7.40

SD 272 727.79 7.03 393.00 7207 0.13 30.44 2,783.03 0.03
100 Burn X 15.65 1,400.80 43.00 2,440.30 16.75 1.28 76.34 3,697.35 7.48
km2 SD 1.40 232.90 10.25 3298 9.28 1.04 9.22 2,730.47 0.04

Clearcut X 167.39 550.59 4348 1,538.04 52.00 1.79 93.75 7,674.25 7.40
SD 2 38 738.03 2.34 0329 0.32 1.16 9.30 4T0780 0.03
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Hypothesis 2: The relationship between landscape extent and certain landscape 
metrics is nonlinear.

Frequency distributions of nine landscape metrics across a range of extents (1-100 

km2) illustrated three general trends among scaling effects (Figures 5,6,7). First, the 

mean and variance varied with the extent of analysis. Second, as extent increased, a 

threshold in extent was reached, beyond which the mean and variability decreased or 

remained constant. Third, the presence of a threshold was present for the clearcut 

landscape while absent from the burned landscape.

MPS provides an example: I) the mean and variability of MPS for disturbance 

patches increased up to the 16 km2 extent, 2) beyond this extent, the variability 

decreased. 3) For remnant forest patches, the 36 km2 analysis window illustrated an 

obvious threshold for clearcut landscapes. This threshold was absent from the burned 

landscape, where mean and variation remained constant across all ten extents. Other 

metrics exhibited similar trends (Table 7, Figures 5,6,7). MPS, PSCV, MSI, MNN, and 

MPI each identified scaling thresholds for clearcutting that were absent from the burned

pattern.
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Table 7. Trends in scale effects across nine landscape metrics.

Landscape Metric
MPS (disturbance patches) 
MPS (remnant forest)
PSCV (disturbance patches) 
PSCV (remnant forest)
ED (both classes)
TCA (both classes)
NCA (both classes)
MSI (disturbance patches) 
MSI (remnant forest)
MNN (disturbance patches) 
MNN (remnant forest)
MPI (disturbance patches) 
MPI (remnant forest)
DLFD (both patches)______

Mean and variance 
influenced by extent? 

x 
x 
x 
x

x
x
x
x
X
X
X

X

X

Trend___________________
Threshold Threshold present for
exhibited?_______clearcut, but not burn?

x
x x
x x

x
x x
x. x
X

X X

X

A view of these multi-scale frequency distributions provides a unique perspective 

on the behavior of landscape metrics across extents. ED, for example, failed to express 

the trends illustrated above; nor did the previous ANOVA on ED differentiate 

clearcutting from wildfire. However, the frequency distributions clearly highlighted a 

reduced range of variability due to clearcutting when compared to the natural range of 

variability expressed by fire.
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Stand Scale

Hypothesis 3: Stands disturbed by wildfire exhibit more snags and downed logs 
than clearcut stands.

A one-way ANOVA comparing clearcutting, canopy burn and mixed burn 

indicated that significant differences in volume of CWD were present (Table 8). Multiple 

comparison tests confirmed that each disturbance type was indeed different from both 

others (PcO.Ol). Burns contained a greater volume of down wood than clearcuts. Mixed 

Bums exhibited the highest and most variable volume of CWD. Canopy burns produced 

a less variable and smaller volume of CWD. In contrast, clearcutting left behind the 

smallest volume of CWD with the least variance. Similarly, CWD in burned stands was, 

on average, 2.62 m longer than in clearcuts. Logs in mixed bum were longer than in 

canopy burn. Variability in length of down logs was smaller in clearcuts than in mixed 

burn and canopy burn. Snag density also revealed dramatic differences among 

disturbance types. Snags were more numerous and more variable in mixed burns and 

canopy burns than in clearcuts. No significant differences in decay class or stump 

density were found.
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Table 8. Results of field study quantifying levels of post-disturbance biological 
legacy. _______________________

Variable Strata N X SD F-Stat P-Value
Volume Clearcut 22 2.52 cm3 0.93
of CWD Canopy Burn 15 5.77 cm3 1.97 42.79 <0.001

Mixed Burn 6 12.45 cm3 5.49
Length of Clearcut 22 1.45 m 0.23
CWD Canopy Burn 15 3.72 m 0.57 191.28 <0.001

Mixed Burn 6 4.43 m 0.54
Snag Clearcut 22 0.01 #/10m2 0.05
Density Canopy Burn 15 5.27 #/10m2 3.45 11.91 < 0.001

Mixed Burn 5 10.38 #/10m2 13.48

Wildfire Simulation

Hypothesis 4: Under certain climate conditions, wildfire has a higher probability 
of spreading through landscape patterns generated by previous fires than 
landscapes disturbed by clearcut lopyinv.

Fire simulations identified ecological consequences of differing spatial patterns 

between clearcutting and wildfire. The spatial pattern of fuels significantly influenced 

the area burned by 200 random ignitions (PcO.OOl) per landscape (Figures 8,9; Table 9). 

However, multiple comparison tests revealed that clearcutting significantly differed from 

wildfire only at time 0 (P=0.0003)'and after 120 years (P=0.0002). Despite statistical 

insignificance at time steps 40 and 80, it is interesting to note that landscapes shaped by 

previous wildfire burned more than clearcut landscapes across all years except time 0. 

After 300 years, all forest stands are LP3 and, therefore, differences in spatial pattern 

have effectively disappeared.
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Table 9. The effect of previous disturbance pattern on EMBYR simulations 
across three landscapes of different disturbance history. The response 
was measured as the cumulative area burned by 200 random ignitions 
under a range of weather scenarios. Significant differences among 
disturbance types from multiple comparison tests are represented with an 
asterisk.

Variable Strata Climate X (ha) SD P-Value
Time 0 Wet, no wind 42&S 649

Clearcut Dry, no wind 647
Dry, moderate wind 4,373 649

Extremely dry and windy 3,673 373
Wet, no wind 851 311

Burned Dry, no wind 
Dry, moderate wind

7,974
7,374

7,294
7,036 <0.001*

Extremely dry and windy 4,933 7 /3 7
Wet, no wind 7,373 7,743

Forest Dry, no wind 4,929 7 /6 4
Dry, moderate wind 3,437 7,306

Extremely dry and windy 3,023 157
Time 40 Wet, no wind 263 743

Clearcut Dry, no wind 297 297
Dry, moderate wind 372 150

Extremely dry and windy 4,303 7,(26
Wet, no wind 333 372

Burned Dry, no wind 2,727 7,437 < 0.001Dry, moderate wind 7,332 996
Extremely dry and windy 7,307 306

Wet, no wind 7,379 7,742
Forest Dry, no wind 4,773 7 /3 2

Dry, moderate wind 3,233 7,443
Extremely dry and windy 7,773 796

Time 80 Wet, no wind 233 747

Clearcut Dry, no wind 415 117
Dry, moderate wind 667 734

Extremely dry and windy 7,332 9
Wet, no wind 364 373

Burned Dry, no wind 2,327 7 /3 2 < 0.001Dry, moderate wind 2,307 7 /6 3
Extremely dry and windy 7,603 207

Wet, no wind 7 /0 2 117

Forest Dry, no wind 7,603 521
Dry, moderate wind 7,634 397

Extremely dry and windy 7,304 515
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Table 9 (cont’d).
Time 120 Wet, no wind 2P0 153

Clearcut Dry, no wind 607 725
Dry, moderate wind 7,484 20P

Extremely dry and windy 7,PSS 231
Wet, no wind 67P 572

Burned Dry, no wind 
Dry, moderate wind

6,4J4
4,62g S < 0 '001*

Extremely dry and windy 7,60J 157
Wet, no wind 1,401 7,74P

Forest Dry, no wind 7,P46 591
Dry, moderate wind 7.66P 519

Extremely dry and windy 7,757 265
TimeSOO Wet, no wind 65P 145

Clearcut Dry, no wind 7,77P 50P
Dry, moderate wind 7,625 556

Extremely dry and windy 7,P75 745
Wet, no wind P06 2P5

Burned Dry, no wind 
Dry, moderate wind

7,7P0
7,660 I f 6  0.211

Extremely dry and windy 6,045 276
Wet, no wind 7,475 7,745

Forest Dry, no wind 7,P70 50P
Dry, moderate wind 7,675 546

Extremely dry and windy 6,052 255
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Figure 9. Landscapes previously burned exhibit greater fire risk across 
climate scenarios than previously clearcut landscapes.
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The spatial patterns created by these simulated fires appeared to be highly 

dependent on wind conditions. When wind was moderate or high, long elliptical shapes 

were produced. When wind was slight (<5 mph) the fires burned circular patches that 

were aggregated on more localized concentrations of high fuel classes (LP3). Ecologists 

have suggested that fire would be most influenced by the spatial pattern of fuels under 

dry conditions with no wind (Turner and Romme 1994; Gardner et al. 1996; Hargrove et 

al. 1994). We would expect the lack of wind to minimize the distance embers could fly, 

thus restricting the fire’s spread to connected fuels. However, results from simulations, 

while significant, indicate a nominal difference in area burned between the "dry, no 

wind" and the "dry, moderate wind" scenarios. As expected, burned area increased with 

drier and windier conditions (Figures 10, 11).
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Figure 10. Risk maps resulting from EMBYR fire simulations at time step 0. The area at risk was 
significantly greater in previously burned landscapes than across previous clearcutting 
patterns
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Figure 11. Risk maps resulting from EMBYR fire simulations at time step 120. The area at risk 
was significantly greater in previously burned landscapes than across previous 
clearcutting patterns
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DISCUSSION 

Landscape Scale

Hypothesis I: Forest patches are more fragmented by logging than wildfire.

Results indicated that clearcutting fragmented forests, more than wildfire. This 

was evidenced most strongly by the combined examination of total core area with 

number of core areas. For both disturbance and remnant forest patch types, despite a 

larger number of core areas in the clearcut landscape, the total core area was less than 

burned landscapes. Hence, clearcutting created more, smaller patches in the landscape. 

Logically, we would have expected the mean patch size to reflect this trend. However, 

two reasons account for a lack of evidence in mean patch size. First, the patch size 

distribution for wildfire was distinctly different from that of clearcuts (Figure 4). 

Because it is feasible to fit more smaller patches within a landscape than large, and 

because wildfire bums across a wide range of patch sizes, this distribution was skewed 

toward smaller patch sizes. Clearcutting, however, rarely deviated from a standard patch 

size. Thus, clearcut patch sizes were normally distributed about the average and, 

therefore, less biased. Second, the mean patch size for remnant forest in clearcutting was 

large because patches were thinly connected by ecotonal forest. Thus, this single patch, 

although large, exhibited little core area and large amounts of edge. Therefore, we would 

have expected edge density to reflect this abundance. However, edge density failed to 

differentiate between disturbance types because there exist more alpine meadows in the 

higher burned landscape. Thus, total core area divided by the number of core areas
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rendered the most indicative measure of fragmentation, less biased by patch size 

distributions and occurrence of other patch types.

Surprisingly, both the mean shape index and the double log fractal dimension 

indicated that clearcutting creates complex shapes while fire produces simple shapes. 

Exploring the mechanism reveals that this finding does indeed make sense. Turner and 

Romme (1994) suggested that under extreme conditions, catastrophic canopy fires can 

actually act to homogenize the landscape. Driven by strong winds, these fires tend 

toward large, aggregated, simple, elliptical shapes.

Additionally, clearcuts exhibited a more dispersed pattern than burned patches as 

evidenced by a higher mean proximity index. This makes intuitive sense because 

wildfires burn contagiously such that even the small fires on the periphery of the large 

patches remain nearby. This contrasts with the concerted effort of traditional forestry to 

disperse clearcuts. Smaller mean nearest neighbor distances among burns also reflect this 

trend.

A particularly insightful finding from this study was greater variability across 

most landscape metrics in burned landscapes than in clearcut landscapes. This has 

important management implications for the scale of human disturbance compared to the 

natural range of variability. Hypothesis two targeted this difference in variability across 

scales and between disturbance types.
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Hypothesis 2: The relationship between landscape extent and certain landscape
metrics is nonlinear.

Results from descriptive, multi-scaled, frequency distributions of the 9 landscape 

metrics revealed scale dependencies. In particular, the variability of landscape metrics 

was controlled by the extent of the analysis window. This compliments findings from 

Turner et al. (1989b) who demonstrated that extent influenced dominance and contagion 

indices. However, this variability was also dictated by nested scales of disturbance 

(Allen and Starr 1982; Turner et al. 1993b, O’Neill et al. 1997). When a sample extent 

grows larger than the scale of disturbance, measures of landscape pattern are calculated 

from a sufficient number of patches to yield an unbiased estimate. Thus, across multiple 

scales, a punctuated decrease in variability identified the scale of a disturbance type. 

O’Neill et al. (1997) determined that this threshold is reached when the extent of analysis 

is 2-5 times greater than the patch size of interest. My results confirmed this rule of 

thumb; however, multi-scaled frequency distributions of landscape metrics provided a 

more precise, although qualitative, view of such thresholds for specific metrics. However, 

it is important to recognize that these frequency distributions are purely descriptive and 

bear no statistical significance. Nevertheless, such a threshold was identified in several 

metrics for the clearcut landscapes, but was not present in the burned landscape. This 

indicates that the spatial scale of clearcutting is well represented by 100 km2 landscape 

extents, while such a threshold probably expresses itself at a much larger extent for 

wildfire. Hence, humans in the Targhee National Forest have ’rescaled’ the disturbance
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regime compared to the natural range of variability expressed by the burned patterns in 

Yellowstone National Park.

Stand Scale

Hypothesis 3: Stands disturbed by wildfire exhibit more snags and downed logs 
than clearcut stands.

Clearcutting is a more severe disturbance type than wildfire. This was 

demonstrated by the dramatic difference in levels of biological legacy between burns and 

clearcuts. Both wildfire severities (mixed and canopy) achieved levels of biological 

legacy far greater than clearcuts, where such woody material was specifically removed. 

Studies from the Pacific Northwest have modeled the natural abundance of CWD through 

time and inferred some trends that could apply to Rocky Mountain systems (Maser et al. 

1988; Spies et al 1988; Spies and Cline 1988), where quantification of CWD is scarce 

(Tinker pers. comm). Under a natural disturbance regime, a surge of CWD results from 

the initial disturbance itself. This input of CWD continues as dead trees topple over at 

varying rates. The rates of post-disturbance treefall control the duration of CWD input 

from this initial disturbance. After several decades, however, levels of CWD decrease as 

the surge of woody debris decays, reaching a low before the regenerating stand reaches 

maturity. Eventually, levels of CWD increase again as the older stand suffers self

thinning and natural senescence. Thus, a natural disturbance regime leaves behind high 

levels of biological legacy. This legacy results in a typical pattern of CWD levels that 

surge, plateau, and increase again across long temporal scales.
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Despite the fact that these trends were documented in the Pacific Northwest where 

fire is less frequent, trees grow bigger, and decay occurs slower, the post-disturbance 

surge and subsequent long-term decay of CWD probably similar to the Rocky Mountains. 

Importantly, CWD likely persists longer in the arid Yellowstone climate than the wetter, 

warmer Pacific Northwest.

It has been suggested that this natural surge and flow of CWD in natural 

landscapes is altered by clearcutting (Harmon et al 1986; Spies and Cline 1988). Because 

clearcutting is a more severe disturbance type, removing woody material and burning 

residual slash, the regenerating stand lacks the surge and subsequent levels of woody 

debris that typically follows a stand-replacing disturbance. This has important ecological 

implications for future wildfire, habitat and nutrient cycling.

Consequences for Wildfire Regime

Hypothesis 4: Under certain climate conditions, wildfire has a higher probability 
of spreading through landscape patterns generated by previous fires than 
landscapes disturbed by clearcut logging

The differences between clearcutting and wildfire at both the landscape and stand 

scales have important ecological consequences for the natural fire regime. At the 

landscape scale, wildfire is constrained by clearcutting in TNF, while fire risk is higher in 

YNP. Only at time step 0, however, did the previously clearcut landscapes express a 

higher fire risk. This is probably due to the sinuous network of residual mature forest 

that remains standing between clearcut patches. As soon as the forest ages, this residual 

forest no longer burns as much as the diverse fuel patterns expressed in burned 

landscapes. This difference in burned area is primarily due to the diversity of
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successional stages present in the YNP landscape. The clearcut landscape, on the other 

hand, is a uniformly young forest due to the frequent return interval of clearcutting 

rotations. Despite this primary cause for the differences in fire risk, however, I suggest 

that the large core areas in YNP increased fire spotting’ in two ways. First, the lofting of 

embers is likely to be influenced by the cumulative convection current of burning trees 

which will be greater in a large core area. On the other hand, a sinuous, ecotonal forest is 

unlikely to produce such hot convection currents to loft embers sufficiently high to bridge 

fuel gaps. Second, large core areas provide large targets for second ignition from these 

lofted embers. Therefore, because clearcutting lacks core area, the mechanism for 

propagation of the natural fire regime is disrupted. Turner et al. (1994b) performed a 

similar fire simulation and demonstrated that fuel connectivity is an important factor in 

the propagation of the natural fire regime. Interestingly, these ecologists discovered a 

threshold for random landscapes, beyond which fire was inhibited; the natural landscape 

did not exhibit such a threshold.

At the stand scale, clearcutting removes CWD and standing snags that provide 

fuel for future wildfires. The fuel parameters for the fire simulation model included 

estimates of CWD for successional stages in an unmanaged forest. Thus, a clearcut 

landscape lacking the woody debris component of these fuel categories would burn less 

than natural successional stages. Little is known about the role of CWD in canopy fires 

(Van Wagner 1977). Most mechanistic fire models focus on the combustibility of fine 

litter and duff. The generation of embers themselves is controlled by such fine fuels 

(Rothermel et al. 1972; Hargrove et al.1994), but, the distance they are lofted has never
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been tested explicitly. Despain et al. (1996) determined from video footage that the 

advancing front of crown fires rarely burned longer than 20 seconds. Because CWD 

bums slower than the rapid combustion of these fine fuels, it is possible that high levels 

of CWD burn longer and contribute to hotter temperatures behind the burning front. This 

additional heat contributes to greater cumulative convection currents to carry embers 

further. Thus, clearcutting inhibits fire spotting more than previous burns both at the 

landscape scale, due to less core area, and at the stand scale, due to less woody debris.

Beyond the implications for the fire regime, differences between clearcutting and 

wildfire bear implications for native habitat. At the landscape scale, species that require 

large core interior microclimates, such as the American marten (Pager 1991; Buskirk and 

Ruggiero 1994) are favored by the patterns of wildfire. Conversely, ecotonal species like 

elk thrive in fragmented landscapes. Importantly, biodiversity is affected by the range of 

variability of available niches. Hence, a landscape that exhibits a highly variable patch 

configuration across the landscape is likely to exhibit increased biodiversity (Hansen et al 

1991). Therefore, due to its highly variable spatial patterns, wildfire promotes a more 

diverse ecological community than a clearcut landscape that has been rescaled from the 

historic range of variation.

At the stand scale, CWD provides structural characteristics that many native 

species require. For example, CWD is important in the life history of the American 

marten. This species requires large downed logs for thermoregulation and access to 

subnivean prey during the winter. Similarly, cavity-nesting birds, such as the black- 

backed and three-toed woodpeckers, require structurally complex stands for breeding and
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foraging on decomposer invertebrates. Such decomposers themselves are probably not as 

abundant in a stand lacking woody debris as in a structurally complex burned stand. 

Additionally, nutrient and water levels are probably lower than in natural disturbance 

types where CWD has been shown to actually increase tree seedling establishment (Gray 

and Spies 1997).

Limitations and Scope

It is important to recognize the hazards of extrapolating these results beyond the 

study area. The GYE represents a unique combination of steep abiotic gradients where 

climate, soil substrate and topography are unlikely to be duplicated anywhere else. While 

the patterns exhibited in YNP may bear resemblance to canopy fires in other ecosystems, 

it is unlikely that such burning conditions and fuel patterns will be replicated elsewhere. 

Similarly, clearcutting in TNF resulted from a unique set of ecological and political 

circumstances that may not occur in other forests that are likely to exhibit different levels 

of productivity, resilience, and disturbance regimes. Therefore, inferences beyond the 

spatial extent of this study should be drawn prudently. Furthermore, this study focused on 

a temporal snapshot of a single fire event and only one salvage logging effort. Because 

the disturbance return interval is long, replicating observations of these disturbance types 

through time is infeasible. Therefore, I relied on assumptions that the 1988 fires in YNP 

were representative of the historic natural disturbance regime, while the salvage logging 

effort in TNF was assumed to represent the traditional paradigm of staggered-setting 

clearcutting. Nevertheless, these assumptions are simplistic and moderate variation from 

these case studies is to be expected across time and space. As more studies are performed
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across different forest ecosystems across various temporal scales, trends may emerge that 

are consistent differences between human and natural disturbances.

An important assumption in aging the landscapes for the fire simulations was that 

no disturbance would occur within each time step. This is equally untrue in naturally- 

disturbed landscapes as it is for silviculture. However, such disturbances may occur at 

spatial and temporal scales beyond those represented by EMBYR. Therefore, this 

simplistic assumption was deemed appropriate for the fire simulation. A second 

assumption was that recent clearcuts were parameterized as ’nonforest’ in EMBYR. This 

assumption is supported by the absence of woody debris and snags measured in managed 

stands as opposed to naturally disturbed stands. Furthermore, the version of EMBYR 

used in this study lacked measures of spatial pattern. Hence, the only output from the 

model was a cumulative risk map representing the total area burned per 200 simulations. 

This response variable does not accurately represent the variability among individual 

simulations. Further analyses could be conducted to test for consequences of spatial 

pattern more explicitly. In particular, if forest successional stages were reclassified to 

represent only a single cover type, differences in fire risk could be better attributed to the 

differing spatial patterns, rather than simple differences in the diversity of stand ages.

The data sources representing the TNF and YNP are different. Despite attempts 

to standardize the two datasets (same resolution, and classifications), methodological 

differences in defining patch boundaries and classifications could introduce significant 

error into the analysis of metrics. Ideally, future analyses can be performed upon data 

sharing the same source where the minimum mapping unit was consistent. Logistically,



65

however, this is rarely possible and in such cases error should be mapped explicitly. 

Despite these limitations, however, conclusions from this study can be drawn to infer 

management implications.

Conclusion

Ecological Implications

Traditional, staggered-setting clearcutting has dramatically restructured the 

patterns of natural disturbance. At the landscape scale, the spatial pattern of clearcutting 

fragments the native forest, depleting core areas that are required to perpetuate the natural 

fire regime and harbor native species. At the stand scale, clearcutting removes CWD, an 

important component of the fire regime, native habitat, and nutrient cycle.

Additionally, at both the landscape and stand scales, the 1988 wildfires in YNP 

expressed greater variability in spatial pattern and biological legacy than the clearcutting 

in TNF. More specifically, scaling thresholds were detected in the clearcut landscape at 

extents ranging from 1-10 km2. Wildfire, however, exhibited no threshold in variability 

for these extents, indicating the scale of disturbance for canopy fires is substantially 

larger than that of clearcutting. This has implications for future dynamics. Wallin et al. 

(1994) suggested that a 300 year moratorium on logging would be required to obliterate 

the spatial pattern of clearcutting. My results confirmed this finding. Additionally, he 

demonstrated that the traditional logging rotation was far shorter than the natural fire 

return interval. Therefore, he concluded that the staggered-setting pattern of clearcuts was 

propagated by the short rotation period as harvestable timber only regenerated in the 

pattern of previous clearcuts. Thus, through time, the spatial pattern of clearcutting
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’rescales’ the natural fire regime from a highly variable non-equilibrium, disturbance 

regime (Turner et al. 1993a) into a steady-state mosaic of many small frequent 

disturbances. Because species have adapted to this natural disturbance regime throughout 

evolutionary time, native populations and biodiversity may decrease.

Management Implications

It has been suggested that clearcut logging could be performed to better mimic 

natural disturbance (Franklin and Forman 1987; Hansen et al. 1991; Ripple 1994). At the 

stand scale, greater levels of biological legacy must be retained to sustain the natural fire 

regime and native habitat. This includes long down logs, standing dead snags and large, 

live trees. In addition, the density of this legacy must vary widely across the landscape, 

reflecting varying levels of productivity. At the landscape scale, if objectives include 

preserving the natural fire regime and native habitat, patches should be highly variable in 

size. They should include a few extremely large, elliptical patches, exhibiting large core 

areas but recurring only at long intervals (300-400 yrs). Smaller patches should exhibit 

greater shape complexity and more frequent return intervals than large, aggregated 

patches. Similarly, patch distributions should rarely be regular. High variability in mean 

nearest neighbor distance (MNN) and the mean proximity index (MPI) is also indicative 

of the natural disturbance pattern. Thus, harvest patches should rarely be regularly 

spaced. In addition, descriptive, multi-scaled frequency plots of landscape metrics 

emerged as a useful technique for managers to identify scaling thresholds of human

disturbances.
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The management of such non-equilibrium disturbance types, like fire in 

Yellowstone Park, remains a challenging task (Baker et al. 1992a; Turner et al. 1994b). 

The TNF is only one of seven National Forests that surround YNP. These National 

Forests comprise the bulk of the Greater Yellowstone Ecosystem and can provide an 

important buffer zone between the unique core reserve of YNP and infringing, 

intensifying, private land use. These National Forests are mandated to accommodate a 

range of human uses, including recreation, timber harvest, grazing and oil and gas 

extraction. In addition to these goods and services, Forest Supervisors are also required 

to maintain ecosystem processes and viable populations of native species. This task 

becomes difficult when ecosystem processes like wildfire span across agency boundaries. 

Hence, the importance of interagency cooperation is evident if an ecosystem process such 

as wildfire is to be incorporated into the scope of a comprehensive management strategy 

that meets the objectives of our National Forest system.



68

LITERATURE CITED

Allen, T.F.H. and Starr, T.B. 1982. Hierarchy. University of Chicago Press. Chicago, 
Blinois.

Allen, T.F.H. and Roberts, D.W. 1998. Foreword in Peterson, D.L. and Parker, V.T. eds. 
Ecological Scale, Theory and Applications. Columbia University Press. New 
York.

Baker, W.L. 1995. Long-term response to disturbance landscapes to human intervention 
and global change. Landscape Ecology 10: 143-159.

Baker, W.L. 1992a. The landscape ecology of large disturbances in the design and 
management of nature reserves. Landscape Ecology 7: 181-194.

Baker, W.L. 1992b. Effects of settlement and fire suppression on landscape structure. 
Ecology 73: 1879-1887.

Barrett, S.W. 1994. Fire regimes on Andesitic mountain terrain in Northeastern
Yellowstone National Park, Wyoming. International Journal of Wildland Fire 4: 
65-76.

Bascompte, J. and Sole, R. 1996. Habitat fragmentation and extinction thresholds in 
spatially explicit models. Journal of Animal Ecology 65: 465-473.

Bellehumeur, C. and Legendre, P. 1998. Multiscale sources of variation in ecological 
variables: modeling spatial dispersion, elaborating sampling designs. Landscape 
Ecology 13: 15-25.

Bessie, W.C. and Johnson, E.A. 1995. The relative importance of fuels and weather on 
fire behavior in subalpine forests. Ecology 76: 747-762.

Beauvais G. and Buskirk S. 1997. Biodiversity responses to anthropogenic forest
fragmentation, mammals. Proceedings from Forest Fragmentation in the Central 
Rocky Mountains symposium. Ft. Collins, Colorado.

Boone, R.B. and Hunter, M.L. 1996. Using diffusion models to simulate effects of land 
use on grizzly bear dispersal through the Rocky Mountains. Landscape Ecology 
11: 51-64.

Bowerman, T.S., Dorr, J., Leahy, S., Varga, K., and Warrick J. 1997. Targhee National 
Forest ecological unit inventory. U.S.D.A Forest Service. St. Anthony, Idaho.



69

Brown, J.K., Arno, S.F., Barrett, S.W., and Menakis, J.P. 1994. Comparing the
Prescribed Natural Fire Program with Presettlement Fires in the Selway-Bitterroot 
Wilderness. International Journal of Wildland Fire 4: 157-168.

Brown, J.K., Arno, S.F., Bradshaw, L.S., and Menakis, J.P., 1993. Comparing Selway- 
Bitterroot fire program with presettlement fires. In Proceedings: symposium on 
fire in wilderness and park management. U.S.D.A. Forest Service General 
Technical Report INT-320. Intermountain Research Station. Ogden, Utah.

Brown, P.M., Kaufmann, M.R., and Shepperd, W.D. 1999. Long-term, landscape 
patterns of past fire events in a montane ponderosa pine forest of central 
Colorado. Landscape Ecology 14: 513-532.

Burgan, R.E. and Rothermel, R.C. 1984. BEHAVE: fire behavior prediction and fuel 
modeling system, fuel subsystem. U.S.D.A Forest Service General Technical 
Report INT-167. Intermountain Research Station. Ogden, Utah.

Buskirk, S.W. and Ruggiero, L.F. 1994. The scientific basis for conserving forest
carnivores: American Marten, Fisher, Lynx, and Wolverine in the western United 
States. USDA Forest Service, Rocky Mountain Forest and Range Experiment 
Station. General Technical Report RM-254. Ft. Collins, Colorado. 7-37.

Carey, A.B. and Johnson, M.L. 1995. Small mammals in managed, naturally young, and 
old-growth forests. Ecological Applications 5: 336-352.

Chappell, C.B. and Agee, J.K. 1996. Fire severity and tree seedling establishment in
Abies magnifica forests, southern Cascades, Oregon. Ecological Applications 6:
628-640.

Chen, J., Franklin, J.F., and Spies, TA. 1995. Growing-season microclimate gradients 
from clearcut edges into old-growth douglas-fir forests. Ecological Applications 
5: 74-86.

Chen, J., Franklin, J.F., and Spies, TA. 1992. Vegetation response to edge environments 
in old-growth douglas-fir forests. Ecological Applications 2: 387-396.

Christensen, N.L., Bartuska, A.M., Brown, J.H., Carpenter, S., DAntonio, C., Francis,
R., Franklin, J.F., MacMahon, J.A., Noss, R.F., Parsons, D.J., Peterson, C.H., 
Turner, M.G., and Woodmansee, R.G. 1996. The report of the Ecological Society 
of America committee on the scientific basis for ecosystem management. 
Ecological Applications 6: 665-691.

Cissel, J.H., Swanson, F.K., McKee, W.A., Burditt, A.L. 1994. Using the past to plan the 
future in the Pacific Northwest. Journal of Forestry August: 30-31.



70

Delcourt, H.R. and Delcourt, PA. 1988. Quaternary landscape ecology: relevant scales in 
time and space. Landscape Ecology 2: 23-44.

Delcourt, H.R., Delcourt, PA., Webb, T. 1983. Dynamic plant ecology: the spectrum of 
vegetation change in space and time. Quaternary Science Review 1:153-175.

Despain, D.G. Clark, D.L., Reardon, J.J. 1996. Simulation of crown fire effects on seed 
bank in lodgepole pine. International Journal of Wildland Fire 6: 45-49.

Despain, D.G. 1990. Yellowstone vegetation: consequences of environment and history 
in a natural setting. Roberts Rinehart Publishers. Boulder, Colorado.

Despain, D.G., Rodman, A., Shovic, H. 1989. Burned area survey of Yellowstone 
National Park. The fires of 1988. Division of Research and Geographic 
Information Systems Laboratory, Yellowstone National Park. Mammoth, WY.

Dirks, RA. 1976. Climatological studies of Yellowstone and Grand Teton National 
Parks: continuing studies annual report. Department of Atmospheric Science, 
College of Engineering. University of Wyoming. Laramie, W yom ing.

Dyrness, C.T. 1973. Early stages of plant succession following logging and burning in 
the Western Cascades of Oregon. Ecology 54: 57-69.

Edenius, L. and Elmberg, J. 1996. Landscape level effects of modem forestry on bird 
communities in North Swedish boreal forests. Landscape Ecology 11: 325-338.

Entel, M.B. and Hamilton, N.T.M. 1999. Model description of dynamics of disturbance 
and recovery of natural landscapes. Landscape Ecology 14: 277-281.

Eager, C.W. 1991. M.S. Thesis. Harvest dynamics and winter habitat use of the Pine 
Marten in southwest Montana. Dept, of Biology, Montana State University, 
Bozeman, MT.

Forman, R.T.T., and Godron, M. 1986. Landscape Ecology. John Wiley & Sons, Inc.
New York.

Foster, D.R., Knight, D.H., and Franklin, J., 1998. Landscape patterns and legacies 
resulting from large, infrequent, forest disturbances. Ecosystems I: 497-510.

Franklin, J.F. 1994. Ecosystem management: an overview. Review draft. Ecosystem
Management: Applications for Sustainable Forest and Wildlife Resources. March 
3-4, Stevens Point, Wisconsin.



71

Franklin, J.F. 1993. The fundamentals of ecosystem management with applications to the 
Pacific Northwest. In Defining Sustainable Forestry, edited by Aplet, G.H., 127- 
143.

Franklin, J.F. 1992. Scientific basis for new perspectives in forests and streams. Naiman, 
R. J. ed. Watershed Management; Balancing sustainability and environmental 
change. Springer-Verlag. New York. Pgs. 25-72.

Franklin, J.F. and Forman, R.T.T. 1987. Creating landscape patterns by forest cutting: 
ecological consequences and principles. Landscape Ecology I: 5-18.

Gardner, H.G., Hargrove, W.W., Turner, M.G., and Romme, W.H. 1996. Climate
change, disturbances and landscape dynamics. In: Global Change and Terrestrial 
Ecosystems. IGBP Book Series No. 2. Cambridge University Press, Cambridge.

Goldstein, B. 1992. The struggle over ecosystem management at Yellowstone.
Bioscience 42: 183-187.

Golley F.B. 1993. Development of landscape ecology and its relation to environmental 
management. In Jensen and Bourgeron, eds., Ecosystem Management: Principles 
and Applications. USDA Forest Service, National Forest System. 37-44.

Gray, A.N. and Spies, TA. 1997. Microsite controls on seedling establishment in conifer 
forest canopy gaps. Ecology 78: 2458-2473.

Gustafson, E.J. 1998. Quantifying landscape spatial pattern: what is state of the art? 
Ecosystems I: 143-156.

Gustafson, E.J. and Gardner, R.H. 1996. The effect of landscape heterogeneity on the 
probability of patch colonization. Ecology 77: 94-107.

Halpern, C.B. and Spies, TA. 1995. Plant species diversity in natural and managed 
forests in the Pacific Northwest. Ecological Applications 5: 913-934.

Halpern, C.B. 1989. Early successional patterns of forest species: Interactions of life 
history traits and disturbance. Ecology 70: 704-720.

Hansen A.J. and Rotella, J. 1997. Biodiversity responses to anthropogenic forest 
fragmentation, birds. Proceedings from Forest Fragmentation in the Central 
Rocky Mountains symposium. Colorado State University, Ft. Collins, CO.

Hansen, A.J., Patten, R., Degayner, G., and B. Marks. 1996. Simulating habitat change in 
Southeast Alaska with the landscape model PAYS AGE. Transactions in GIS I: 
119-136.



72

Hansen, AJ., Garman, S.L., Weigand, J.F., Urban, D.L., McComb, W.C., and Raphael, 
M.G. 1995. Alternative silvicultural regimes in the Pacific Northwest: 
simulations of ecological and economic effects. Ecological Applications 5: 535- 
554.

Hansen, A.J., Garman,S.L., Marks, B., and Urban, D. 1993. An approach for managing 
vertebrate diversity across multiple-use landscapes. Ecological Applications 3: 
481-496.

Hansen, A.J., Spies, TA, Swanson, F.J., and Ohmann, J.L. 1991. Conserving biodiversity 
in managed forests, lessons from natural forests. Bioscience 41: 382-392.

Hargis, C D., Bissonette, J.A., and David, J.L. 1998. The behavior of landscape metrics 
commonly used in the study of habitat fragmentation. Landscape Ecology 13: 
167-186.

Hargis, C. 1997. Biodiversity responses to anthropogenic forest fragmentation, response 
of martens to forest fragmentation. Proceedings from Forest Fragmentation in the 
Central Rocky Mountains symposium. Colorado State University, Ft. Collins, 
Colorado.

Hargrove, W.W, Gardner, R.H., Turner, M.G., Romme, W.H., and Despain, D.G. 1994. 
Simulating fire patterns in heterogeneous landscapes. Unpublished manuscript.

Harmon M.E., Franklin, J.F., Swanson, F.J., Sollins, P., Gregory, S.V., Lattin, J.D., 
Anderson, N.H., Cline, S.P., Aumen, N.G., Sedell, J.R., Lienkaemper, G.W., 
Cromack, Jr. K., and Cummins, K.W.. 1986. Ecology of coarse woody debris in 
temperate ecosystems. Advances in Ecological Research 15: 133-302.

Hartford, RA. and Rothermel, R.C. 1991. Fuel moisture as measured and predicted 
during the 1988 fires in Yellowstone National Park. Research Note 396. 
Intermountain Research Station. Ogden, Utah.

Harris, L.D. 1984. The fragmented forest: island biogeography theory and the
preservation of biotic diversity. University of Chicago Press. Chicago, Illinois.

He, H.S. and Mladenoff, D.J. 1999. Spatially explicit and stochastic simulation of forest- 
landscape fire disturbance and succession. Ecology 80: 81-99.

Hoffman, N.J. 1997. M.S. Thesis. Distribution of picoides woodpeckers in relation to 
habitat disturbance within the Yellowstone area. Montana State University, 
Department of Biology, Bozeman, MT.



73

Hunter, M.L. 1993. Natural fire regimes as spatial models for managing boreal forests. 
Biological Conservation 65: 115-120.

Jensen, M. E., and Everett, R. 1993. An overview of ecosystem management principles. 
In Eastside Forest Ecosystem Health Assessment 2. Ecosystem Management: 
Principles and Applications. 49-60.

Johnson, E.A. and Larsen, C.P.S. 1991. Climatically induced change in fire frequency in 
the Southern Canadian Rockies. Ecology 72: 194-201.

Keane, R.E., Morgan, P., and White, J.D. 1999. Temporal patterns of ecosystem
processes on simulated landscapes in Glacier National Park, Montana, USA. 
Landscape Ecology 14: 311-329.

Keane, R.E., Amo, S.F., and Brown, J.K. 1990. Simulating Cumulative Fire Effects in 
Ponderosa Pine/Douglas-Fir Forests. Ecology 71: 189-203.

Kramer, M.G. 1997. M.S. Thesis. Abiotic controls on windthrow and forest dynamics in 
a coastal temperate rainforest, Kuiu Island, Southeast Alaska. Montana State 
University, Department of Biology, Bozeman, MT.

Lavorel, S., Gardner, R.H., and ONeill, R.V. 1995. Dispersal of annual plants in 
hierarchically structured landscapes. Landscape Ecology 10: 277-289.

Li, C., Corns, I.G.W., and Yang, R.C. 1999. Fire frequency and size distribution under 
natural condition: a new hypothesis. Landscape Ecology 14: 533-542.

Maser, C., Tarrant, R.F., Trappe, J.M., and Franklin, J.F., editors. 1988. From the forest 
to the sea: a story of fallen trees. U.S.D.A. Forest Service General Technical 
Report PNW-GTE-229. Pacific Northwest Forest and Range Experiment Station, 
Portland, Oregon.

McGarigal, K., and Marks, B.J. 1994. FRAGSTATS: Spatial pattern analysis programs 
for quantifying landscape structure. Forest Science Department, Oregon State 
University, Corvallis, OR: 30-54.

Meisel, J.E. and Turner, M.G. 1998. Scale detection in real and artificial landscapes 
using semivariance analysis. Landscape Ecology 13: 347-362.

Millspaugh, S.H. and Whitlock, C. 1993. A long-term fire history of Yellowstone
National Park reconstructed from lade sediment cores. Abstracts-The ecological 
implications of fire in Greater Yellowstone, Yellowstone National Park, 
Mammoth, WY.



74

Mladenoff, D.J., White, M.A., Pastor, J., and Crow, T.R. 1993. Comparing spatial pattern 
in unaltered old-growth and disturbed forest landscapes. Ecological Applications 
3: 294-306.

Moritz, M.A. 1997. Analyzing extreme disturbance events: fire in Los Padres National 
Forest. Ecological Applications 7: 1252-1262.

Muir, P.S. and Lotan, L.E. 1985. Disturbance history and serotiny of Pinus Contorta in 
Western Montana. Ecology 66: 1658-1668.

Murphy, D.D. and Noon, B.R. 1992. Integrating scientific methods with habitat
conservation planning: reserve design for northern spotted owls. Ecological 
Applications 2: 3-17.

Nyland, R.D. 1998. Patterns of lodgepole pine regeneration following the 1988 
Yellowstone fires. Forest Ecology and Management. I l l :  23-33.

ONeill, R.V., Hunsaker, C.T., Timmins, S.P., Jackson, K.B., Riitters, K.H., and 
Wickham, J.D. 1996. Scale problems in reporting landscape pattern at the 
regional scale. Landscape Ecology 11: 169-180.

ONeill, R.V., Hunsaker, C.T., Jones, B.K., Riitters, K.H., Wickham, J.D., Schwartz,
P M., Goodman, LA., Jackson, B.L., and Baillargeon, W.S. 1997. Monitoring 
environmental quality at the landscape scale. Bioscience 47: 513-519.

Parker, A.J. 1986. Persistence of lodgepole pine forests in the Central Sierra Nevada. 
Ecology 67: 1560-1567.

Pearson, S.M., Turner, M.G., Wallace, L.L., and Romme, W.H. 1995. Winter habitat use 
by large ungulates following fire in Northern Yellowstone National Park. 
Ecological Applications 5: 744-755.

Pickett, S.T.A, and P.S. White (eds). 1985. The ecology of natural disturbance and patch 
dynamics. Academic Press, New York 472 pp.

Reice, S.R. 1994. Nonequilibrium determinants of biological community structure. 
American Scientist 82: 424-435.

Renkin, R A. and Despain, D.G. 1992. Fuel moisture, forest type, and lightning-caused 
fire in Yellowstone National Park. Canadian Journal of Forest Research 22: 37- 
45.

Reed, R. A., Johnson-Barnard, J., and Baker, W.L. 1996. Fragmentation of a forested 
Rocky Mountain landscape, 1950-1993. Biological Conservation 75: 267-277.



75

Riitters, K.H., O’Neill, R.V., Hunsaker, C.T., Wickham, J.D., Yankee, D.H., Tim minsj 
S.P., Jones, K.B., and Jackson, B.L. 1995. A factor analysis of landscape pattern 
and structure metrics. Landscape Ecology 10: 23-39.

Ripple, W.J. 1994. Historic spatial patterns of old forests in Western Oregon. J. For. 92: 
45-49.

Rodman, A., Shovic, H.F., Thoma, D. 1996. Soils of Yellowstone National Park.
Yellowstone Center for Resources, Yellowstone National Park, Wyoming, YCR- 
NRSR-96-2.

Romme, W.H., Turner, M.G., Wallace, L.L., and Walker, J.S. 1995. Aspen, elk, and fire 
in Northern Yellowstone Park. Ecology 76: 2097-2106.

Romme, W.H. and Despain, D.G. 1989. Historical perspective on the Yellowstone Fires 
of 1988. Bioscience 39: 695-699.

Romme, W.H., Knight, D.H., and Yavitt, J.B. 1986. Mountain pine beetle outbreaks in 
the Rocky Mountains: regulators of primary productivity? The American 
Naturalist. 127: 484-493.

Romme, W.H. 1982. Fire and landscape diversity in subalpine forests of Yellowstone 
National Park. Ecological Monographs 52: 199-221.

Romme, W.H. and Knight, D.H. 1981. Fire frequency and subalpine forest succession 
along a topographic gradient in Wyoming. Ecology 62: 319-326.

Rose, C R. and Muir, P.S. 1997. Green-tree retention: consequences for timber
production in forests of the western Cascades, Oregon. Ecological Applications 7: 
209-217.

Rothermel, R.C. 1972. A methematical model for predicting fire spread in wildland fuels. 
U.S.D.A. Forest Service. Research Paper INT-115. Intermountain Research 
Station. Ogden, Utah.

J

Rothermel, R.C., Hartford, RA., and Chase, C.H. 1994. Fore growth maps for the 1988 
greater Yellowstone area. U.S.D.A. Forest Service. General Technical Report 
INT-304. Intermountain Research Station. Ogden, Utah.

Scheiner, S.M. 1992. Measuring Pattern Diversity. Ecology. 73: 1860-1867.

Spies, TA., Ripple, W.J., and Bradshaw, GA. 1994. Dynamics and pattern of a managed 
coniferous forest landscape in Oregon. Ecological Applications 4: 555-568.



76

Spies, TA. and Cline, S.P. 1988. Coarse woody debris in manipulated and
unmanipulated coastal Oregon forests. In. Maser, C., Tarrant, R.F., Trappe, TM., 
and Franklin, J.F., editors. 1988. From the forest to the ocean: a story of fallen 
trees. U.S.D.A. Forest Service General Technical Report PNW-GTE-229. Pacific 
Northwest Forest and Range Experiment Station, Portland, Oregon.

Spies, TA., Franklin, J.F., and Thomas, T.B. 1988. Coarse woody debris in douglas-fir 
forests of western Oregon and Washington. Ecology 69: 1689-1702.

Stark, N.M. 1977. Fire and nutrient cycling in a douglas-fir/larch forest. Ecology 58: 16- 
30.

Swanson, F.J., and Franklin, J.F. 1992. New forestry principles from ecosystem analysis 
of Pacific Northwest forests. Ecological Applications 2: 262-274.

Swanson, F.J., Jones, J.A., Wallin, D.A., and Cissel, J.H. 1993. Natural variability - 
implications for ecosystem management. In Jensen, M.E. and Bourgeron, P.S., 
eds. Eastside Forest Ecosystem Health Assessment 2. Ecosystem management: 
principles and applications. U.S.D.A Forest Service. Northern Region. Missoula, 
Montana.

Tang, S.M., Franklin, J.F., and Montgomery, D.R. 1997. Forest harvest patterns and 
landscape disturbance processes. Landscape Ecology 12: 349-363.

Targhee National Forest. 1997. Revised forest plan. U.S.D.A. Forest Service. 
Intermountain Region. S t Anthony, Idaho.

Tinker, D.B., Resor., C.A.C., Bauvais, G.P., Kipfmueller, K.F., Fernandes, C.I., Baker, 
W.L. 1998. Watershed analysis of forest fragmentation by clearcuts and roads in 
a Wyoming forest. Landscape Ecology 13: 149-165.

Tinker, D.B., Romme, W.H., Hargrove, W.W., Gardner, R.H., Turner, M.G. 1993.
Landscape-scale heterogeneity in lodgepole pine serotiny. Can. J. For. Res. 24:
897-903.

Trabaud, L. and Galtie. 1996. Effects of fire frequency on plant communities and
landscape pattern in the Massif des Aspres (southern France). Landscape Ecology 
11: 215-224.

Tritton, L.M. 1980. Dead wood in the northern hardwood forest ecosystem. Ph.D. 
dissertation, Yale University, New Haven, Connecticut.



77

Turner, D.P., Koerper, GJ., Harmon, M.E., Lee, JJ. 1995. Acarbon budget for forests 
of the conterminous United States. Ecological Applications 5: 421-436.

Turner, M.G. and Dale, V.H. 1998. Comparing large, infrequent disturbances: what have 
we learned? Ecosystems I: 493-496.

Turner, M.G., Romme, W.H., Gardner, R.H., Hargrove, W.W. 1997. Effects of fire size 
and pattern on early succession in Yellowstone National Park. Ecological 
Monographs 67: 23pp.

Turner, M.G., Hargrove, W.W., Gardner, R.H., Romme, W.H. 1994a. Effects of fire on 
landscape heterogeneity in Yellowstone National Park. Journal of Vegetation 
Science 5: 731-742.

Turner M.G., Romme, W.H., Gardner, R.H. 1994b. Landscape disturbance models and 
the long-term dynamics of natural areas. Natural Areas Journal 14: 3-11.

Turner, M.G. and Romme, W.H. 1994. Landscape dynamics in crown fire ecosystems. 
Landscape Ecology 9: 59-77.

Turner, M.G., Romme, W.H., Gardner, R.H., O’Neill, R.V., Kratz, T.K. 1993a. A revised 
concept of landscape equilibrium: disturbance and stability on scaled landscapes. 
Landscape Ecology 8: 213-227.

Turner, M.G., Gardner, R.H., ONeill R.V., and Pearson, SM. 1993b. Multiscale
organization of landscape heterogeneity. In Jensen, M.E. and Bourgeron, P.S., 
eds. Eastside Forest Ecosystem Health Assessment 2. Ecosystem management: 
principles and applications. U.S.D.A Forest Service. Northern Region. Missoula, 
Montana.

Turner, M.G. and Gardner, R.H. 1991. Editors: Quantitative methods in landscape 
ecology. Springer-Verlag, New York.

Turner, M.G. 1990. Spatial and temporal analysis of landscape patterns. Landscape 
Ecology 4: 21-30.

Turner, M.G. 1989. Landscape ecology: the effect of pattern on process. Annual Review 
of Ecology and Systematics 20: 171-197.

Turner, M.G., Gardner, R H., Dale, V.H., ONeill, R.V. 1989a. Predicting the spread of 
disturbance across heterogeneous landscapes. Oikos 55:121-129.

Turner, M.G., O’Neill, R.V., Gardner, R.H., Milne, B.T. 1989b. Effects of changing
spatial scale on the analysis of landscape patterns. Landscape Ecology 3: 153-162.



78

Urban, D.L., O’Neill, R.V., Shugart, H.H. 1987. Landscape ecology, a hierarchical
perspective can help scientists understand spatial patterns. Bioscience 37:119-127.

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

Veblen, T. 1997. Proceedings from “Fragmentation of the Southern Rockies”, Colorado 
State University, Ft. Collins, Colorado.

Wallin, D. O., Swanson, F.J., Marks, B. 1994. Landscape pattern response to changes in 
pattern generation rules: land-use legacies in forestry. Ecological Applications 4: 
569-580.

Whitlock, C. and Bartlein, P J. 1993. Spatial variations of Holocene climatic change in 
the Yellowstone region. Quaternary Research 39: 231-238.

Wiens, J.A. 1976. Population responses to patchy environments. Annual Review of 
Ecological Systems 7: 81-120.

Wiens, J.A. and Milne, B.T. 1989. Scaling of 'landscapes' in landscape ecology, or, 
landscape ecology from a beetle's perspective. Landscape Ecology 3: 87-96.

With, K.A. and King, A.W. 1999. Dispersal success on fractal landscapes: a 
consequence of lacunarity thresholds. Landscape Ecology 14: 73-82.

With, K.A. 1997. The Application of neutral landscape models in conservation biology. 
Conservation Biology 11: 1069-1080.



[SfT2T 21,5111
I 5/00 30566^6



MONTANA STATE

'S f '


