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Abstract  
Climate, topography, fuel loadings, and human activities all affect spatial and temporal 
patterns of fire occurrence. Because fire occurrence is a stochastic process, an understanding 
of baseline variability is necessary in order to identify constraints on surface fire regimes. 
With a suitable null, or neutral, model, characteristics of natural fire regimes estimated from 
fire history data can be compared to a “null hypothesis.” We generated random landscapes of 
fire-scarred trees via a point process with sequential spatial inhibition. Random ignition 
points, fire sizes, and fire years were drawn from uniform and exponential family probability 
distributions. For this paper we focused on two sets of statistics commonly computed in fire 
history studies. Composite fire records and Weibull median probability intervals (WMPIs) 
were calculated at multiple spatial scales for random subsets of each landscape, and 
parameters of the Weibull distribution were estimated for each simulated “fire history” and 
tested for significance. We compared results from simulations to fire-history data from a 
watershed in eastern Washington. Strong nonlinear relationships were evident between and 
area sampled and WMPIs for a range of fire sizes for both real and simulated data. Patterns of 
significance of Weibull “shape” parameters were distinctly different between real and 
simulated landscapes. The clear patterns on neutral landscapes suggest that deviations from 
them in empirical data represent real constraints on fire regimes (e.g., topography, fuels) 
rather than sampling artifacts. Neutral models show promise for investigating low-severity 
fire regimes to separate intrinsic properties of stochastic processes from the effects of climate, 
fuel loadings, topography, and management. 
 
Introduction  

Fire-history reconstructions provide the empirical basis for fine- and coarse-
scale modeling of fire regimes and for informed management and restoration of 
ecosystems (Landres and others 1999, Schmoldt and others 1999, Swetnam and 
others 1999, McKenzie and others 2004). Reconstructions use different methods 
depending on objectives, the nature of the fire regimes being studied, and the spatial 
and temporal scales of analysis (Clark 1990, Agee 1993, Heyerdahl and others 1995, 
Lynch and others 2003, Prichard 2003). Although estimates of fire frequency from 
different methods are often combined for modeling and management, they are not 
always equivalent (Heyerdahl and others 1995, McKenzie and others 2000, Li 2002). 

In dry low-elevation forest ecosystems of the western United States, living trees 
provide a long-term record of low-severity fire from fire scars (Agee 1993, Swetnam 
1993, Everett and others 2000, Veblen and others 2000, Heyerdahl and others 2001). 
Existing reconstructions are of varying quality; some were developed from very 
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small samples; others were not crossdated against a master chronology (Madany and 
others 1982, Heyerdahl and others 1995). Crossdating errors can substantially change 
estimates of the statistical properties of fire regimes (McKenzie and others 2000). In 
addition, fire-history reconstructions are sensitive to the area sampled, because too 
small an area may miss fires entirely, whereas too large an area may record separate 
fire events as one (Agee 1993, Heyerdahl and others 1995, Baker and Ehle 2001). 
Research is needed to quantify how fire regime statistics change across spatial scales 
and how these changes may differ in different ecosystems (Falk and Swetnam 2004). 

Neutral models  
In formal experiments, in which a null hypothesis is tested against an alternative, 

“controls” and “treatments” are ideally identical except for the treatment effect. If 
this effect is statistically significant, the null hypothesis is rejected. “Neutral models” 
in community and landscape ecology generalize the concept of a null hypothesis to 
an array of patterns and processes that capture relevant details of a system but 
eliminate constraints or mechanisms of interest (Caswell 1976, Kimura 1983, 
Gardner and O’Neill 1991, Hubble 2001). When a complex stochastic process (e.g., 
landscape disturbance or community assembly) is being studied, identification of the 
appropriate neutral model is difficult, and much controversy exists in the literature 
(e.g., Weiher and Keddy 1999). 

Neutral models have been used in landscape ecology to study species co-
occurrence (Milne 1992, Palmer 1992), formation of ecotones (Milne and others 
1996), metapopulation models and conservation (With 1997), and connectivity and 
disturbance spread (Green 1994, Keitt and others 1997). In this paper, we present a 
neutral model of low-severity fire regimes – those for which the fire history is 
preserved via fire scars on living trees. The model was designed to represent 
stochastic properties of fire regimes in that fire sizes, fire-free intervals, and fire 
locations are considered to be random variables. We examine two statistical 
properties of the neutral model: how estimates of fire frequency change with 
changing spatial scale, and how temporal trends in the hazard of burning change with 
area and number of trees sampled. We compare results to the same statistical 
properties on a real landscape, and make qualitative inferences about the usefulness 
of pursuing this method for identifying constraints on fire regimes. 

 

Methods  
Fire history data  

The fire-history data are from a dry forest ecosystem in eastern Washington, 
USA. Everett and others (2000) produced a detailed, spatially explicit dataset of fire 
history data from 17,700 fire-scarred trees collected in five study sites (3,116 to 
12,747 ha) extending from the Okanogan-Wenatchee National Forest in central 
Washington to the Colville National Forest in northeastern Washington (fig. 1). 
These study sites occupy a 500 km northeast to southwest gradient across the 
Okanogan Highlands and down the east side of the Cascade Range.  

Fire-history sites are located within forests dominated by ponderosa pine (Pinus 
ponderosa Dougl. ex Loud.). These forests in Washington typically occur between 
600 and 1,200 m elevation and change into Douglas-fir (Pseudotsuga menziesii 
[Mirb.] Franco), grand fir (Abies grandis [Dougl.] Lindl.), western larch (Larix 
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occidentalis Nutt.) and lodgepole pine (Pinus contorta Dougl. ex Loud.) at higher 
elevations and grassland or sagebrush (Artemisia tridentata Nutt.) at lower (fig. 2).  

This spatially distributed network of geo-referenced, cross-dated fire scar 
chronologies is ideal for spatial and temporal analysis of regional surface-fire history. 
To date, chronologies have been developed for five study sites (fig. 1). Within each 
site, all fire-scarred trees were mapped, and a spatially stratified random sample of 
high-quality trees (with a large number of scars) was collected.  

For this paper, we focus on the 11,088-ha Swauk watershed (inset in fig. 1), with 
a total of 7,048 fire scars on 671 recorder trees. The composite fire interval for the 
watershed (counting only fires that scarred >10 percent of the trees) is 8 yr, and the 
Weibull median probability interval (WMPI) for these same fires is 7 yr (Hessl and 
others 2004). The frequency of occurrence of a fire somewhere in the watershed 
(possibly fewer than 10 percent of trees scarred), however, was just under 2 yr.  

 
Figure 1–Location of fire-history study in eastern Washington 
 

Figure 2–Study locations in ponderosa pine forests. 
 
Simulation model  

The “neutral” landscape consisted of a square grid with unitless X and Y 
coordinates, in emulation of a watershed. We randomly located 200 points to 
represent trees that could record fires over the course of the simulations. Sequential 
spatial inhibition (Ripley 1987) was used to ensure that no two trees overlapped. A 
300 yr fire history was simulated for two watershed-scale mean fire frequencies 
(MFRIs): 2 and 5 yr. These numbers represent the average interval between the 
occurrence of fire somewhere in the watershed and correspond to the 2 yr value 
computed from the Swauk watershed. Time steps (years until the next fire) were 
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drawn from an exponential distribution, with mean=MFRI and rounded to the nearest 
integer, until their sum was >300. At each time step, a circular fire was simulated 
with its center randomly located in the watershed. Mean fire sizes were defined 
within a range of proportions of the total watershed area, between 0.1 and 0.4, with 
steps of 0.05. These proportions were chosen to approximate proportional sizes of 
composite fire records in real watersheds. For each round of simulations, the size of 
each fire was drawn from a gamma distribution whose mean was the mean fire size. 

Composite fire records  
The coordinates of each recorder tree were noted and a data matrix created (300 

rows=years, 200 columns=trees) to hold the “fire history” of the simulated 
watershed. We then simulated fire-history reconstructions within the watershed, 
using a “neutral” method whereby one tree was selected as a starting location. Using 
this tree as a center, we computed composite fire intervals (CFIs) for search radii 
from 0.1 to 0.6 proportions of the watershed (at intervals of 0.01–50 total) and fit 
each time series of fire-free intervals to the two-parameter Weibull distribution. For 
each search radius, 20 replicate CFIs were computed (fig. 3). 

Figure 3–Simulated areas for fire-history reconstructions with search radii equal to 
0.1 and 0.3 of the watershed.  
 

Two features of the Weibull distribution make it well-suited to modeling both 
high- and low-severity fire regimes (Clark 1989, Johnson and Gutsell 1994, Grissino-
Meyer 1999): the Weibull median probability interval (WMPI) is a robust measure of 
central tendency, and the shape parameter and associated hazard function allow 
changes in the hazard of burning over time to be identified (figs. 4 and 5). For each of 
the composite fire records (20 replicates x 50 search radii), we computed the WMPI 
and the Weibull shape parameter, the latter as a surrogate for the slope of the hazard 
function (Clark 1989, Johnson and Gutsell 1994). For each search radius, the mean of 
20 replicates was stored for WMPI and the shape parameter. We applied the same 
iterative process to fire history for the Swauk watershed, but restricted sample years 
to the period 1651 to 1900. By 1650, most trees had recorded one fire. Before 1900, 
fire exclusion had not drastically changed fire frequency (fig. 6, Hessl and others 
2004). We created a set of composite fire records (20 replicates x 50 search radii) 
similar to the simulated watershed, using a 250 yr fire record. 

We compared simulated to empirical results qualitatively for changes in WMPI 
and shape parameters with changing spatial scale. The exploratory analysis presented 
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here was designed to provide insight as to whether the neutral model of fire regimes 
is a useful concept that can be applied to inferences about the constraints (e.g., fuels, 
topography, land use) on low-severity fire regimes. Formal statistical tests and 
extrapolation to other geographic areas will be the subject of future research. 

Figure 4–Shape of the Weibull density for different values of the shape parameter, 
with scale parameter held constant.. 
 

Figure 5–Shape of the Weibull hazard function for different values of the shape 
parameter, with scale parameter held constant.. 
 
Results and Discussion 

Scaling relationships for the estimated fire-free intervals (WMPI) between 
simulated (neutral) and real watersheds are clearly similar (figs. 7 and 8). In both 
cases a log-linear model best predicted the relationship between the search radius, 
equivalent to sample area in a fire-history study, and WMPI, with R2 of 0.96 and 
0.89, for simulated and real data, respectively. When the watershed-scale mean FRI 
was 2 yr in simulated data, point-level WMPI ranged from 9 yr, for simulated mean 
fire sizes of 0.15 of the watershed area, to 5 yr for a simulated size of 0.35. For 
watershed-scale means of 5 yr, point-level WMPI ranged between 23 yr (0.15 of 
watershed) down to 12 yr (0.35 of watershed). For the Swauk watershed, mean point-
level WMPI was 13 yr (fig. 8). 
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Figure 6–Fire history record in the Swauk watershed. Arrows represent the 
beginning and end of the period used in this paper. 

Figure 7–Relationship between area sampled and WMPI for simulated data. 
 

Results from the neutral model suggest that non-linear scaling laws are an 
intrinsic property of the spatial relationships among points subject to this particular 
stochastic process (low-severity fire) (Falk and Swetnam 2004). The log-linear 
relationship holds for a variety of mean fire sizes and fire frequencies. In the 
composite fire record for the Swauk watershed, there are no local influences that 
invalidate the scaling relationship, despite the variety of fire sizes and the relatively 
complex, dissected topography (fig. 1). Given that fire regimes vary over seemingly 
homogeneous landscapes (e.g., Baker 1989) and that topography has been shown to 
provide strong constraints on fire regimes (e.g., Taylor and Skinner 2003), more 
research is needed in a range of low-severity fire regimes before a global scaling law 
can be said to exist. 
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Figure 8–Relationship between area sampled and WMPI for the Swauk watershed. 
 

Estimates of the Weibull shape parameter differed substantially between 
simulated and real watersheds, both in mean value and trends over increasing search 
radii. For simulated watersheds, mean estimates were between 1.10 and 1.45 for a 
variety of mean fire sizes (0.1 to 0.5 of watershed) and search radii (0.15 to 0.45) (fig. 
9). Search radii below 0.15 contained too few fires to estimate shape parameters 
successfully. In contrast, shape parameters estimates in the Swauk watershed ranged 
between 1.5 and 2.5, with a sharp descent between the point level and a search radius 
of 200 m (fig. 10). Initial bootstrap estimates of significance for the shape parameters 
suggested that for a 95 percent confidence interval for both simulated and real 
watersheds to exclude 1.0 (corresponding to a flat hazard function), shape parameters 
should have a minimum between 1.3 and 1.6. A more refined bootstrap algorithm for 
these distributions, to more precisely compute p-values, is under development. 

Changes in shape parameter are surrogates for changes in the slope of the hazard 
function (Clark 1989, Johnson and Gutsell 1994, fig. 5). The neutral model, shape 
parameters gradually increased with the search radius (fig. 9), though changes were 
slight and probably not statistically significant. However, similar behavior for a 
variety of simulated fire sizes suggests that this gradual increase may be an intrinsic  

  
Figure 9–Trends in the Weibull shape parameter with increasing search radii on 

simulated landscapes with different mean fire sizes. 
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property of the stochastic process being modeled, and needs to be distinguished from 
any processes of interest when the neutral model is compared with real data. 

In contrast, in the Swauk watershed the shape parameters drop very quickly with 
increasing spatial scale, up to 240 m search radius, then begin a gradual ascent 
similar to those in the neutral model, although values are higher (approximately 1.5 
to 1.8 in Swauk vs. a maximum of 1.45 for neutral model). We infer that a constraint 
on fires in rapid succession is operating on the Swauk landscape up to, on average, an 
area of 18 ha (240^2 * PI / 10^4), and that the increasing hazard function over time at 
this scale is a reflection of it. Beyond this search radius, the shape parameter behaves 
very similarly to that from the neutral model. In the Swauk and similar landscapes, 
composite fire records from study areas of different sizes, for example 10 ha vs. 
40 ha, could therefore yield very different interpretations about fire history. Baker 
(1989) observed that different statistical models were appropriate for different-sized 
study areas in a landscape with high-severity fire. Key processes controlling fire 
frequency may change, or at least appear different, when data are collected and 
analyzed at different spatial scales.  

An obvious candidate for the small-scale constraint on historical fire frequency 
in the Swauk watershed is buildup of fine fuels after fire. Time is required for a 
spatially continuous fuelbed, and therefore sufficient potential fire spread for trees to 
record fire, to accrue. When viewed at scales much greater than 18 ha, this constraint 
on fire occurrence is no longer observed. The 18 ha threshold would appear to be a 
surrogate for a modal, or characteristic, fire size, in that it defines the spatial extent 
over which the constraint of fuel buildup can be observed. When the search radius 
becomes much greater than typical fire size, it would be expected to include multiple 
fires, burning different patches over time, and confounding the fuel constraint.  

The threshold for change in behavior of the hazard function would clearly 
change with changes in characteristic fire size, but only on landscapes on which a 
mechanism exists that controls fire occurrence (not neutral landscapes). Constraints 
on fire size, then, will be another factor controlling fire frequency. Other results from 
this exercise—the log-linear models of WMPI as a function of search radius (and fire 
size)—indicate that on both neutral landscapes and the Swauk watershed, scaling 
relationships among all factors are clearly defined. If proven to be robust on a variety 
of landscapes, particularly those on which topography provides strong constraints on 
fire spread, these scaling relationships could be useful for predicting characteristics 
of fire regimes for which extensive, spatially explicit data are not available. 

 
Figure 10–Trends in the Weibull shape parameter in the Swauk watershed with 
increasing search radii. 
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Conclusions 

Neutral models hold promise for understand complex behavior in low-severity 
fire regimes. Fire is a stochastic process, of which each fire-history record is just one 
of many potential realizations (Lertzman and others 1998). Because fire-history 
reconstructions are made with finite resources, each can discover only an incomplete 
sample of even the one realization that it observes (Baker and Ehle 2001). A template 
is needed for intrinsic statistical properties of fire regimes, against which specific 
realizations can be compared to distinguish their individual properties (for example, 
constraints on fire size and frequency).  

In this paper, we begin to explore the ways in which neutral models can help 
distinguish these individual properties of real landscapes from the “neutral” 
background. More research is needed as to what to include in the neutral background. 
For example, many fire-history reconstructions develop collector’s curves to 
determine the first point in time at which a representative sample of the total 
population of recorder trees has recorded at least one fire (Hessl and others 2004). 
Should a neutral model incorporate an increasing population of trees over time? 
Similarly, many researchers include only significant fire events (greater than a certain 
percentage of recorder trees scarred) in models of the association between fire 
occurrence and fuel or climatic constraints (Swetnam and Betancourt 1990, Grissino-
Meyer 1995, Heyerdahl and others 2001, Hessl and others 2004). How would neutral 
model behavior differ with these additional attributes? Finally, more comparisons 
with data from real landscapes are needed, both to test the usefulness of the concept 
and to identify consistent patterns, if any, in scaling relationships and departures from 
“neutrality” in real fire regimes.  
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