
Landscape Ecology (2006) 21: 121-137 
DO1 10.1007/~ 10980-005-7302-9 

O Springer 2006 

Research article 

Comparison of the sensitivity of landscape-fire-succession models to variation 
in terrain, fuel pattern, climate and weather* 

Geoffrey J. caryl7'?*, Robert E. ~ e a n e ~ ,  Robert H. ~ a r d n e r ~ ,  Sandra Lavore15, 
Mike D. ~ l a n n i ~ a n ~ ,  Ian D. ~ a v i e s ~ ,  Chao ~ i ~ ,  James M. Lenihang, T. Scott ~upp'O and 
Florent ~ o u i l l o t "  
I School of Resources, Environlnent and Society, Bziilding 45 Linnaezls Wuy, The Atlstraliarz National 
University, Canberra ACT 0200, Azrstralia; '~ushf i re  Cooperative Research Centre, Australia; 'USDA Forest 
Service, Rocky Mountain Research Station, Missozrla MT, USA; 4~ppaluchian Laboratory, University of 
Maryluntl Center for Environmental Science, Frostburg MD, USA; 5~aboratoire d'Ecologie Alpine, CNRS, 
Grenoble, France; 6~anadian  Forest Service, Sault Ste Marie ON,  Canada; ' ~ c o s ~ s t e m  Dynmzics, Research 
School of Biological Sciences, Australian National University, Canberra, Australia; S~anadilzn Forest Service, 
Edmonton, Alberta, Canada; 'USDA Forest Service, Pacific Northwest Rwerrrch Station, Corvallis Oregon, 
USA; lo university of Alaska Fairbunks. Department of Forest Sciences, Fairbanks Alaska, USA;  " IRD 
UR060 - CEFEICNRS, Montpellier, France; *Author for correspondence: (e-mail: geofrey.cary@ 
iitzu.ec2is.a~) 

Received 2 1 May 2004; accepted in revised form 11 May 2005 

Key words: EMBYR, FIRESCAPE, LAMOS, LANDSUM, Model comparison, SEM-LAND, Simulation 
modelling 

Abstract 

The purpose of this study was to compare the sensitivity of nlodelled area burned to environmental factors 
across a range of independently-developed landscape-fire-succession models. The sensitivity of area burned 
to variation in four factors, namely terrain (flat, undulating and mountainous), fuel pattern (finely and 
coarsely clumped), climate (observed, warmer & wetter, and warmer & drier) and weather (year-to-year 
variability) was determined for four existing landscape-fire-succession models (EMBYR, FIRESCAPE, 
LANDSUM and SEM-LAND) and a new model implemented in the LAMOS inodelling shell (LA- 
MOS(DS)). Sensitivity was measured as the variance in area burned explained by each of the four factors, 
and all of the interactions amongst them, in a standard generalised linear modelling analysis. Modelled area 
burned was most sensitive to climate and variation in weather, with four models sensitive to each of these 
factors and three models sensitive to their interaction. Models generally exhibited a trend of increasing area 
burned from observed, through warmer and wetter, to warmer and drier climates with a 23-fold increase in 
area burned, on average, from the observed to the warmer, drier climate. Area burned was sensitive to 
terrain for FIRESCAPE and fuel pattern for EMBYR. These results demonstrate that the models are 
generally more sensitive to variation in climate and weather as compared with terrain complexity and fuel 
pattern, although the sensitivity to these latter factors in a small number of models demonstrates the 
importance of representing key processes. The models that represented fire ignition and spread in a relatively 
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complex fashion were more sensitive to changes in all four factors because they explicitly simulate the 
processes that link these factors to area burned. 

Introduction 

Forested landscapes may burn quickly whenever 
fuels are abundant, dry and spatially continuous, 
especially if there is a strong surface wind. Although 
this prescription for fire propagation is simple, the 
landscape-scale changes resulting from fires are 
complex and difficult to predict (Turner et al. 1989a; 
Hargrove et al. 2000). The complexity is due in large 
part to the stochastic pattern of fire ignition (Bar- 
rows et al. 1977; Fuquay 1980; Knight 1987), the 
highly variable rates of fire spread (McArthur 1967; 
Rotherinel 1972) and the long-term process of forest 
recovery, and these processes are affected by fun- 
damental environmental factors including terrain, 
fuel pattern, climate and weather. Future shifts in 
the fire regime due to changing climate, land use, 
and management policies represent additional, sig- 
nificant uncertainty that is presently difficult to ad- 
dress with existing empirical data (Flannigan and 
Van Wagner 199 1 ; Clark 1993; Starfield and Chapin 
1996; Stocks et al. 1998; Rupp et al. 2000; Cary 
2002). Since it is difficult to evaluate the relative 
importance of terrain, fuel pattern, climate and 
weather on fire extent, it follows that long-term 
plans for managing fire within forested landscapes 
are difficult to develop and controversial to imple- 
ment (Jackson 1968; Ronlme 1982; Agee 1993; 
Crutzen and Goldhammer 1993; Moreno and 
Oechel 1994). 

Simulation models are essential tools for 
studying the complex dynamics of natural and 
managed ecosystems (DeAngelis et al. 1998; Ba- 
ker 1999), especially when future conditions are 
uncertain (Pan et al. 1998). They also provide a 
useful synopsis of our current understanding of 
ecosystem development and change (Keane and 
Finney 2003). Systematic co~nparisons among a 
spectrum of models, using a standardised exper- 
imental design, offer insight into our under- 
standing of the key processes and parameters 
affecting diverse ecosystems (Dale et al. 1985; 
Rose et al. 1991; Gardner et al. 1996; VEMAP 
1996; Pan et al. 1998; Crainer et al. 1999) as well 
as our confidence in the reliability of inodel pre- 
dictions (Buginann et al. 1996; Turner et al. 

1989b). The standardised comparison of diverse 
models has the additional advantage of allowing 
the quantification of model effects due to differ- 
ences in model structure (i.e., differences in res- 
olution, complexity and solution technique) to be 
distinguished from model effects due to variation 
in the environmental and biotic interactions that 
determine change (e.g., weather and landscape 
structure). Comparisons of this nature also offer 
greater confidence in siinulation results when 
there is consistency in response across a range of 
models. 

Fire modelling has certainly produced a diverse 
set of approaches to prediction of landscape-scale 
effects of changing fire regimes resulting from 
changes in fire behaviour (Baker 1989; Keane and 
Finney 2003; Keane et al. 2004). This diversity is 
due in large part to the variety of landscapes, fuels 
and climatic patterns that foster frequent forest 
fires (Swanson et al. 1997; Lertzman et al. 1998), 
and variation in approaches for representing them 
in models. The set of causal mechanisms affecting 
fire regimes tend to be highly correlated and 
somewhat localized, confounding the integration 
of cause-effect relationships among landscape fuel 
and terrain patterns, weather variation, and the 
simulated fire effects. Much can be gained if a set 
of models were applied to a common landscape to 
determine similarities in model behavior across 
simulation scenarios. A uniform set of empirical 
protocols to validate multiple models for a variety 
of ecosystem types is currei~tly unavailable (Baker 
1989), making the direct comparison among 
models highly problematic (Gardner et al. 1980; 
Gardner et al. 1982; Turner et al. 1989b; Bugmanil 
et al. 1996). The purpose of this paper is to 
investigate the importance of terrain, fuel pattern, 
climate, and weather for area burned generated by 
a range of landscape-fire-succession models using 
a general method for comparing results across 
models. The results of the factorial set of simula- 
tions were then analysed to assess their sensitivity, 
in terms of area burned, to variation in factors and 
co~nplexity of inodef formulation. Methods pre- 
sented in this study can be used on other sets of 
~nodels to compare and inodel behavior. 



Given the hypotheticfl nature of some of our 
simulation landscapes, a necessary outcome of 
developing standardised conditions for compari- 
son amongst a range of diverse models, this study 
does not represent an exercise in model validation. 
Rather, we selected models that have previously 
been verified and validated (Gardner et al. 1996; 
Cary 1998; Cary and Banks 1999; Keane et al. 
2002; Li 2000), and one new model, and analysed 
their behaviour with respect to variation in terrain, 
fuel pattern, weather and climate. 

The experiment presented here is part of a 
three-phase approach, designed to separate ef- 
fects of different factors on behaviour of model 
components. Here we focus on comparing the 
model behaviour resulting from fire spread and 
ignition modules of models. Subsequent research 
will address fire effects and vegetation succes- 
sion. 

Models 

Keane et al. (2004) classified 44 landscape-fire- 
succession models according to the level of sto- 
chasticity, complexity and level of mechanism of 
the four primary processes that influence fire and 
vegetation dynamics (i.e. fire ignition, fire spread, 
fire effects and vegetation succession). Ideally, the 
study presented here would have selected models 
from across all categories of the classification, 
however, model selection was also constrained by 
the availability of modellers with sufficient re- 
sources to undertake our design. Nevertheless, the 
five models selected for the comparison (EMBYR, 
FIRESCAPE, LANDSUM, LAMOS(DS), SEM- 
LAND) represented a spectrum of complexity in 
model formulation and represented three out of 
the twelve classification categories presented by 
Keane et al. (2004). The set of models evaluated 
here link the mechanisms of fire ignition, spread 
and extinction, and subsequent vegetation succes- 
sion, to simulate patterns of fire on large land- 
scapes, over long-time scales using daily weather 
data. Modelled fire events are combined, over 
time, into patterns of fire regime. EMBYR is the 
only model that simulates the ignition of spot fires 
from the transportation of firebrands. The fol- 
lowing section presents a brief description of the 
models. 

EMB YR 

EMBYR was designed to represent the landscapes 
and fire regimes of Yellowstone National Park 
(Hargrove et al. 2000). Ignition can occur ran- 
domly or by specifying locations. Fire spread is 
simulated by examining each burning site and 
determining spread to the eight neigh'bouring sites 
as a function of fuel type, fuel moisture, wind 
speed and direction, and slope. In addition, 
burning sites may distribute firebrands to down- 
wind sites, where the probability of ignition of new 
fires is determined by local conditions. Fires are 
propagated by empirical probabilities of fire 
spread. The probabilities are dependent on the age 
of the forest stand and the fuel moisture conditions 
(i.e., probabilities of spread increase with increas- 
ing age and decreasing fuel moisture) and are 
adjusted during the simulation by the local 
topography, fuel moisture, wind speed and direc- 
tion. The fire-spread probabilities for E-MBYR 
were developed and calibrated by reconstructing 
the weather events in Yellowstone National Park 
for 1988, simulating the spread of fire, and com- 
paring simulation results with empirical informa- 
tion from a series of l x l km post-fire study sites 
(Turner et al. 1997). 

A qualitative index of fire severity of each 
burned site is estimated as a function of fuel type, 
fuel moisture, wind speed and the rate that the cell 
burned. This index is then used to determine if fire 
intensity was sufficient to result in a stand-replac- 
ing fire. The pattern of forest succession of 
lodgepole pine (Pinus contorta) forests is simulated 
by a Markov model, with fuels sufficient to sustain 
crown fires developing as a function of forest stand 
age. 

Simulations with EMBYR are quite rapid be- 
cause it is an event-driven model, which updates 
the status of burning cells at time intervals deter- 
mined by the speed of the fire front. Extensive 
simulations with EMBYR have demonstrated the 
sensitivity of landscape pattern to climate-depen- 
dent changes in the fire regime. More severe fires 
occurred when conditions were wetter than nor- 
mal, while more frequent, smaller fires (and greater 
landscape fragmentation) occurred when condi- 
tions were drier than normal (Gardner et al. 1996). 
These results are consistent with empirical studies 
as well as simulation results with other models 
(e.g. Suffling et al. 1988; Clark 1989, 1990; Romme 



and Turner 1991; Antonovski et al. 1992; Baker 
1992; Davis and Burrows 1993; Swetnain 1993). 

FIRESCAPE 

FIRESCAPE generates spatial patterns of fire re- 
gime (Gill 1975) for Eucalyptzis dominated land- 
scapes in south eastern Australia (Cary and Banks 
1999). It operates on a daily time step that switches 
to hourly whenever a fire ignites. Ignition locations 
are generated from an empirical model of lightning 
strikes (Cary 1998). The probability of ignition is 
positively associated with the macro-scale eleva- 
tion at the broad spatial scale, primarily reflecting 
the effect of mountain ranges on storm occurrence. 
It is also positively associated with the difference 
between the elevation of a site and the average 
elevation measured at a broader spatial scale. 
Daily weather is generated by a modified version 
of the Richardson-type stochastic climate genera- 
tor (Richardson 1981; Cary and Gallant 1997; 
McCarthy and Cary 2002). Weather variables are 
simulated so that serial correlations within a var- 
iable and cross correlations between variables are 
maintained (Matalas 1967; Richardson 198 1). 

The spread of fire from cells to immediate 
neighbours is a function of elliptical fire spread 
(Van Wagner 1969) and Huygens' Principle 
(Anderson et al. 1982), although varying topog- 
raphy, fuel load and wind speed and direction re- 
sult in non-elliptical fires. The rate of spread of the 
head fire is determined from fire behaviour algo- 
rithm associated with McArthur's Forest Fire 
Danger Meter (McArthur 1967; Noble et al. 
1980). Fuel loads are modeiled using Olson's 
(1963) model of biomass accumulation, which has 
been parameterised for a range of Australian sys- 
tems (Fox et al. 1979; Walker 1981; Raison et aI. 
1983). Fire line intensity (kW m-') (Byram 1959) 
is calculated for the spread of fire from one cell to 
the next for characterising this aspect of the fire 
regime and for determining the extinction of 
individual fire events. 

FIRESCAPE was used to determine the sensi- 
tivity of fire regimes to possible scenarios of cli- 
mate change (CSIRO 1996) involving increased 
temperature, decreased humidity, and a shift in the 
seasonal distribution of rainfall but no effect on 
wind speed (Cary 2002). A general reduction in the 
mean inter-fire interval, both at specific localities 

and more generally wfthin the landscape, was 
predicted for future climates, indicating FIRES- 
CAPE is highly sensitive to the predicted change in 
key meteorological variables. 

LAMOS(DS) is an implementation of the LA- 
MOS modelling she11 (Lavorel et al. 2000) with a 
contagious spread fire model working on a daily 
time step. It is a simple model, sensitive to daily 
minimum and maximum temperature, precipi ta- 
tion, fuel amount and slope. There are a fixed 
number of attempted ignitions at random loca- 
tions over the year. 

LAMOS(DS) contains two principle functions; 
one to estimate pan evaporation (Bristow and 
Campbell 1984; Roderick 1999; Roderick and 
Farquhar 2002) which, together with precipitation, 
simulates a moisture budget, and a second equa- 
tion to modify spread probabilities to each of eight 
possible neighbours as a function of slope (Li 
2000) and fire intensity. Wind direction is not used 
in this model. Fire intensity is the product of three 
linear functions: fuel load (0-1 kg m-2), soil 
moisture (0-200 mm) and temperature (5-25 "C). 
Temperature is interpolated between the daily 
minimum and maximum during the course of the 
fire by a symmetrical sine function. Fires are as- 
sumed to begin when temperature is at the daily 
maximum. Fuel is consumed in proportion to the 
resulting intensity. 

LANDSUM 

The LANDscape Succession Model (LAND- 
SUM) is a spatially explicit vegetation dynamics 
simulation program wherein succession is treated 
as a deterministic process using a pathway or 
fraine-based community sequence approach, and 
disturbances (e.g., fire, insects, and disease) are 
treated as stochastic processes with all but fire 
occurring at the polygon scale. Ignition locations 
are random in LANDSUM and it simulates fire 
from user-specified wind speed and direction, 
slope, and binary fuel type (burn, no-burn) deter- 
mined from the succession stage. 

LANDSUM was designed as a management tool 
for evaluating alternative management scenarios 



with a minimal set of input conditions (no explicit 
simulation of fuels, weather or lightning), so cli- 
mate was not explicitly included in the model. The 
original LANDSUM (Keane et al. 2002) simulated 
year-to-year climate variability using an index (1-3 
where 1 is a wet year and 3 is a dry year) that was 
pre-processed from the meteorological data se- 
lected for a model run. However, this approach was 
too coarse and somewhat incompatible for this 
comparison so a daily weather module was added 
to LANDSUM. This module computes the daily 
Keetch-Byram Drought Index (KBDI) and then 
compares the maximum value to the ranges 200- 
400, 400-600, and 600+ to decide the climate in- 
dex. This index was then used to reference scalars 
of 0.5, 1 .O, and 2.0 for fire frequency probabilities 
and fire size computations. These scalars, along 
with fire size and probability parameters, were 
estimated from fire history data compiled by 
Schmidt et al. (2002) and Keane et al. (1996) for a 
lodge-pole pine (Pinus contortn) dominated land- 
scape in west-central Montana, USA. 

SEM-LAND 

The SEM-LAND model (Spatially Explicit Model 
for LANdscape Dynamics) simulates fire regimes 
and associated forest landscape dynamics resulting 
from long-term interactions among forest fire 
events, landscape structures, and weather condi- 
tions. A fire process is simulated in two stages: 
initiation and spread. The fire initiation stage, for 
a pixel, continues from the presence of a fire 
ignition source in a forest stand until most trees in 
that stand have been burned. Whether most trees 
in the stand would be burned is determined by the 
fire initiation probability, which is a function of 
fuel and weather conditions. Once most trees are 
burned, the fire has the potential to spread to its 
surrounding cells, and whether a neighboring cell 
would be burned is a function of the fire spread 
probability. The fire spread probability is deter- 
mined by not only fuel and weather conditions, 
but also by slope in landscape topography. Rela- 
tionships defining the influence of weather condi- 
tions on fuel moisture, and subsequently on fire 
spread, are summarized in the Canadian Forest 
Fire Weather Index system (FWI) (Van Wagner 
1987) and the Canadian Forest Fire Behavior 
Prediction system (FBP) (Forest Canada Fire 

Danger Group 1992; Hirsh 1996) for a range of 
fuel types. 

SEM-LAND was originally developed for the 
purpose of reconstruction of natural fire regimes 
(Li 2000), and has also been further refined to 
address other issues such as climate change impact 
on landscape structure and forest productivity (Li 
et al. 2000) and carbon dynamics (Li and Apps 
2002), forest age distribution and fire regime (Li 
and Barclay 2001), fire suppression effect on fire 
size distribution (Li 2004), relationship between 
fire frequency and fire cycle (Li 2002), and fire 
ignition source pattern and fire regimes (Li 2003). 

Methods 

Simulation experiment 

Models were run across a four-factor experimental 
design involving variation in terrain: fuel, climate 
and weather (Keane et al. 2003). Weather and 
climate are essentially different phenomena at fine 
temporal scales and were treated as orthogonal. 
Simulation landscapes were 250,000 ha and com- 
prised of an array of 1000 by 1000 square pixels, 
each 0.25 ha (50 x 50 m) in area. Landscapes edges 
were treated as distinct, not as being continuous 
with opposite edges. 

Terrain 
Variation in terrain was introduced by varying the 
minimum and maximum ('valley' and 'peak') ele- 
vation, or amplitude, of a two-dimensional sine 
function with periodicity of 16.7 km (333.3 pixels) 
to create topography for three landscapes (Fig- 
ure 1). The three terrain levels were flat, undulating 
and mountainous characterised by maximum slope 
values of 0, 15 and 30" and relief of 0, 1250 and 
2500 m respectively. For each model, the mean 
elevation of each terrain map was scaled to the mean 
elevation of the actual landscape for which the 
inodel was initially developed. The value of 1250 m 
was assigned as the mean elevation of terrain maps 
for landscapes with actual mean elevation less than 
1250 m to avoid the occurrence of areas below sea 
level in the mountainous terrain map. 

Fuel 
The two levels in the fuel factor were: (i) finely 
clumped and (ii) coarsely clumped spatial pattern 
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Figtrre I. Pattern of elevation in mountainous landscape used in comparison of landscape-fire succession models. 

of fuel (Figure 2). Ten replicates of the finely and 
coarsely clumped fuel maps were generated by 
randomly allocating values from the series 0.1, 0.2, 
0.3, .... 1.0 (inclusive) to either 50 by 50 pixel 
(625 ha) clumps (coarsely clumped) or 10 by 
10 pixel (25 ha) clumps (finely clumped) so that 
values were evenly represented across landscapes. 
Fuel maps were transformed differently for each 
model by computing either fuel type or age values 
that were meaningful to individual models 
(Table I). 

Weather 
Each model required a unique set of weather 
parameters, and no single weather data set satis- 
fied the diverse requirements of all models. 
Therefore, simulations were performed using 
weather relevant to the location where the model 
had been previously parameterised and tested be- 
cause we did not want to introduce uncertainty by 
using input data outside each modei's validation 
domain. However, the amount of variability be- 
tween replicate weather-years was standardised 
across all models. 

Year-long sequences of daily weather were 
chosen from the available data sets, of slightly 
variable length, froin locations where models were 
originally developed, or had been implemented 
(Table 2). For FIRESCAPE, data generated from 
an algorithm that produces sequences of weather 

with similar statistical qualities as observed data 
from the region (Cary and Gallant 1997) is the 
primary weather component. 

For each model, 10 replicate weather years were 
drawn from full data sets so that they best mat- 
ched the variation in average daily maximum 
temperature ("C) and average daily precipitation 
(mm) across all years (Table 2). This was achieved 
by repeatedly randomly selecting ten weather years 
from the full data set and determining the good- 
ness of the fit of the cumulative probability dis- 
tribution of the randomly selected set of weather 
years to that of the full data set for both temper- 
ature and precipitation simultaneously (See Fig- 
ure 3). The goodness of fit was deternlined by a 
measure of deviance, calculated separately for 
temperature and precipitation by summing the 
squared residuals (difference between cu~nulative 
probability for observed data and that for random 
sample) for each temperature (or precipitation) 
data point in the observed data set. The total 
deviance was then defined as: 

where TD is the total deviance from observed 
cumulative probability distributions; DT is the 
deviance from observed temperature cumulative 
probability distribution; and DP is the deviance 
from observed precipitation cumulative probability 
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Figure 2. Replicate of each type of fuel pattern map used in comparison of landscape-fire succession models: (a) finely clumped (25 ha 
patches) and (b) coarsely clunlpcd (625 ha patches) fuel pattern (values range from 0 to 1.0 and are transformed into fuel age or fuel 
load separately for each model. Average fucl age is constant across maps. 

distribution. The best fitting set of selected weather 
years after lo6 trials was used to represent the var- 
iation across the weather years available (Figure 4). 
The process was repeated for all climate locations. 

Simulations in FIRESCAPE, LANDSUM and 
SEMLAND were performed using weather rele- 
vant to the region for which they were developed 
(Table 2), while those in EMBYR were performed 
with weather data from Glacier National Park, a 

somewhat related Rocky Mountain location. 
Simulations in LAMOS(DS), a more generally 
applicable model, were performed with weather 
from Corsica. 

Climute 
The three levels in the climate factor were: (i) ob- 
served climate; (ii) warmer and wetter climate; and 
(iii) warmer and drier climate. Daily values for the 



Table I. Vegetation type and fuel-map transformation rules for individual models. 

Model Vegetation type Transformation for fuel map 

EMBYR Lodgepole pine Classified into four classes of sequential stages of vegetation from the youngest 
fuel (LPO) (fuel map pixel value < 0.25) to the climax community allocated to thc 
oldest fuel (LP3) (fuel map pixel value > 0.75). 

FIRESCAPE Eucalyptus forest Multiplied by 1.6 kg m-2, the average steady state litter loading observed for high 
elevation (> 1500 m) sites in the Australian Capital Territory region (Cary 1998) 

LAMOS(DS) General Multiplied by 1.0 kg rn-2 
LANDSUM Lodgepole pine - Douglas Classified into eight ciasses of sequential stages of vegetation succession in from the 

fir forest youngest fuel (fuel map pixel value < 0.12) to the climax con~munity allocated to the 
oldest fuel (fuel map pixel value > 0.88) 

SEM-LAND Boreal forest Multiplied by maximum fuel load for boreal forest study area 

warmer and wetter weather and the warmer and 
drier weather were derived by adding 3.6 "C (mid- 
range of projected global average temperature in- 
crease (1.4-5.8 "C) (IPCC 2001) to maximum and 
minimum temperature each day (or temperature at 
1200 LST for SEM-LAND), and by multiplying 
daiiy raii~fali amounts by 1.2 and 0.8 respectiveiy. 

Sinzulation methodology and data analysis 

Sensitivity to terrain, fuel pattern, climate and 
weather. factors 
A total of 1800 year-long simulations were run for 
each inode1 (3 terrain x 2 fuel pattern x 10 weather 
years x 3 climates). Fires affected fuel loadlage 
within each simulation but, given that simulations 
were of single years, no vegetation succession algo- 
rithms were invoked. The total area burned per year 
(m2) was recorded for each one-year simulation. 

From prior experience, it was known that most 
models would experience numerous fires during 
each year-long simulation run, except for 
LANDSUM, in which approximately 20% of 
simulations would not experience fire because of 
insufficient simulation length, resulting in a poor 
estimate of the probability and size of fires. This 
was rectified by performing ten simulation repli- 
cates Tor each unique combination of terrain, fuel 
pattern, fuel pattern replicate, climate, and 
weather replicate, and averaging them to produce 
a better estimate of area burned. 

Data a~z~~ ly s i s  
The sensitivity of modelled ignitions and area 
burned to terrain, fuel pattern, and climate was 

measured by the variance in area burned explained 
by each of the factors and all possible interactions. 
Variance explained (r') was determined froin a 
fully factorial ANOVA performed in the SAS 
statistical package (SAS 2000). Plots of residual 
values against fitted values were constructed for 
each anaiysis. Analyses performed on untrans- 
formed area-burned data produced residuals that 
were highly skewed, and variance in residuals that 
were highly variable across fitted values. Trans- 
formation of area burned by natural logarithm 
produced patterns of residuals that we considered 
acceptable for our analyses. 

Variance explained was plotted against the 
complexity, mechanism and stochasticity of fire 
ignition and fire spread modules (Keane et al. 
2004) to explore the relationship between model 
formulation and overall model sensitivity. 

Results 

Ln-transformed area burned was most sensitive to 
climate and weather factors, with four models 
sensitive to each Fdctor and three models sensitive 
to the weather-climate interaction (Table 3). 
FIRESCAPE was the only model where In-trans- 
formed area burned was sensitive to terrain (and 
the interaction between terrain and weather, and 
that between terrain, climate and weather). Fur- 
ther, In-transformed area burned was only sensi- 
tive to fuel pattern (and the interaction between 
fuel pattern and weather factors) in EMBYR. 
Some other factors (and their interactions) re- 
sulted in significant differences in 111-transformed 
area burned amongst their levels (Table 3). 



Table 2. Available weather data for study regions and associated models. 
- - - -- - - - - - - - 

Location Data type Variables Model 

Glacier National Park, Montana 42 years, daily observations Daily maximum temperature ("C) EMBY R 
Daily minimum temperature ("C) LANDSUM 
Daily precipitation (an) 

Edson, Alberta 34 years (1960-1993) of daily observation Temperature ("C) SEM-LAND 
(observations at 1200 LST) from approximately Relative Humidity (%) 
the 1st April to 30th September, inclusive. Windspeed (km h-') 

Rainfall (mm) 
Daily FFMC*, DMC*, DC*, ISI*, BUI* 
Daily Fire Weather Index 
Number of days since rain * 
variables related to Fire Weather Index 

42 years of simulated weather based on Richardson-type Daily lnaximum temperature ("C) 
weather simulator (Richardson 1981) modified for all variables Daily minimum temperature ("C) 
required for fire bchaviour modeling. Daily west-east wind speed (km h-') 

Daily south-north wind speed (km h-') 
Daily 9 a.m. atmospheric vapour 
pressure (kPa) 
Daily precipitation (111111) 

Corsica 38 years (1960-1997) of daily observations. Daily average temperature ("C) LAMOS(DS) 
Daily precipitation (mm) 
Daily PET (nlm) 

Ginninderra, Australian 
Capital Territory 

FIRESCAPE 
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Figure 3. Cumulative probability of (a) average daily maxi- 
mum temperature and (b) yearly average of daily precipitation 
in the completc weather data set for Glacier National Park, 
Montana, represented by open circles. The cumulative proba- 
bility of the set of I0 replicate weather years that best matches 
that of the full data set is shown as the solid lines. 

However, they explained insufficient variation in 
area burned to be considered important. 

Area burned increased from the observed, 
through the warmer, wetter and the warmer, drier 
climates for the four models sensitive to the cli- 
mate factor (Table 4). Increasing relief of terrain 
generated increasing area burned in FIRESCAPE 
(Table S ) ,  while finely clumped fuel pattern 
resulted in a lower area burned in EMBYR 
(Table 6). 

A greater amount of variance in area burned 
was explained (Figure 5 )  by environmental factors 
for models that are characterised by complex, 

4 -I I +  Glacier National Park I 
Edson 

x Corsica 

Average daily temperature (OC) 

Figure 4. Comparison of average daily temperature and pre- 
cipitation from Glacier National Park (Montana), Edson (Al- 
berta), Ginninderra (Australian Capital Territory) and Corsica. 
The temperature data for Glacier National Park and Ginn- 
inderra are daily maximum temperatures. The temperature for 
Corsica is daily average temperature and for Edson it is ob- 
served at 1200 LST. 

mechanistic and more deterministic ignition mod- 
ules, as classified by Keane et al. (2004). Little or 
no relationship was observed between the levels of 
complexity, mechanism and stochsticity of the fire 
spread module of models and variance in area 
burned. 

Discussion 

Simulated area burned was most sensitive to the 
weather factor in most cases (Table 3). This is 
somewhat expected given that weather years for 
any particular location (south eastern Australia; 
Rocky Mountains, USA; central Alberta, Canada; 
and Corsica) were chosen to capture the full range 
of inter-annual variation in weather experienced 
there. Initially, weather was not specified as a 
separate factor and the large amount of variation 
associated with it was lumped into the error term 
of the ANOVA, resultiilg in much smaller and 
seemingly unimportant u' values for the terrain, 
climate and fuel pattern factors. This indicates 
that, in general terms, it is important to characte- 
rise inter-annual variation in weather properly to 
simulate realistic spatial patterns of fire regime. 

The variance explained by the weather factor 
was greater than that expIained by climate for 



Tublr 3. Relative Sums of Squares attributed to different sources of variation in the comparison of sensitivity of In-transformed area 
burnt to tcrrain (Terrain), fuel pattern (Fuel), climate (Climate) and weather factors (Weather), and their interactions. 

Source Model 

DF EMBYR FIRESCAPE LAMOS LANDSUM SEM-LAND 

Terrain 
Fuel 
Terrain x Fuel 
Climate 
Terrain x Climate 
Fuel x Climate 
Terrain x Fuel x Climate 
Weather 
Terrain x Wcather 
Fuel x Weather 
Terrain x Fuel x Weather 
Climate x Weather 
Terrain x Climate x Weath 
File1 x Climate x Weather 
Terr x Fuel x Clim x Weath 

Model 
-- -- - - -- 

Factors and their interactions are considered important if they explain more than 0.05 and 0.025 of total variance respectively. Factors 
and interactions considered un inpormt  are blank. Significant fzctors and ifiteractions (P < 0.05) ate indicaled by ". Note that not ail 
significant sources are considered important. 

Table 4. Average ln-transfomed area burned (standard deviation) for different climate factors for FIRESCAPE, LAMOS(DS), 
LANDSUM and SEMLAND. 

Climate factor Area burned (In m2) (standard deviation) 

FIRESCAF'E LAMOS(DS) LANDSUM SEM-LAND 

Observed 
Warmer/\vetter 
Warmerldrier 

Table 5.  Average In-transformed area burnt (m2) (standard 
deviation) for the Fuel factor in EMBYR. 

Fuel pattcrn Area burned (ln m2) (SD) 

Finely clumped 15.9 (1.7) 
Coarsely clumped 17.5 (1.2) 

Table 6. Average In-transformed area burnt (m2) (standard 
deviation) for the terrain factor in FIRESCAPE. 

Terrain Area burned (ln m2) (SD) 

Flat 
Rolling 
Mountainous 

EMBYR, LANDSUM and SEM-LAND simula- 
tions. The overriding importance of weather for 
fire activity has been highlighted in numerous 
studies (see Flannigan and Harrington 1988; 
Swetnam 1993; Bessie and Johnson 1995; Hely 
et al. 2001; Flannigan and Wotton 2001). The 
converse was observed for FIRESCAPE and 
LAMOS(DS), perhaps because the inter-annual 

variation between the weather years for these 
locations was lower than for other sites (Figure 4), 
although average annual temperature and precip- 
itation may not be representative of the patterns of 
severe weather that most likely result in large areas 
burned. Therefore, differences of variance in area 
burned explained by the weather factor may result 
from differences in inter-annual variability in 



Comple8ty of ignition module 

Mechanism of ignition module 
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Stochasticity of ignition module 

Figrae 5. Relationship between (a) complexity, (b) level of 
mechanism and (c) stochast~city of firc model ignition modules 
and modd r2 from thc comparison of landscape-firc succession 
models. Scores of complexity, mccha~lism and stochasticity arc 
on a scale from 0 to 10 (0 meant that it was not modelled or 
applicablc and 10 represents the highest level of stochasticity, 
mechanism, or complexity) from Keane ct al. (2004). 

weather between sites, not differences in model 
formulation per se. 

There is a clear relationship of increasing area 
burned from observed, through warmer and wetter 
to warmer and drier climate. This is largely 
repeatable amongst models for which climate was 
important in explaining variation in area burned 
(Table 4). Several authors have provided simu- 
lated evidence for increasing area burned or fre- 
quency of fire under warmer climates (Clark 1990; 
Cary and Banks 1999; Li et al. 2000; Cary 2002), 
possibly due to a longer fire season (Wotton and 
Flannigan 1993; Stocks et al. 1998). The climate 
factor was not important for EMBYR, despite an 
earlier observation that a wetter climate resulted in 
larger, more severe fires (Gardner et al. 1996), 
arising from impact of climate on vegetation 
succession. 

Our design did not investigate the importance of 
succession because individual simulation runs were 
single years, largely because our initial focus was 
on the sensitivity resulting from the fire ignition 
and spread components of models, with inves ti- 
gation of the importance of succession planned for 
future research. An important implication of this is 
that in our design, a change in climate does not 
affect succession processes directly, meaning that 
we did not expect to replicate the results from 
earlier research which included the effect of suc- 
cession in an experimental design (e.g. Gardner 
1996; Rupp et al. 2000). 

Fuel pattern was relatively unimportant, except 
in the case of EMBYR. Fire spread in EMBYR is 
partly a function of fuel condition of the source 
and target pixels of any spread event. Frequently 
changing fuel condition in the finely clumped fuel 
pattern resulted in a decrease in area burned 
compared with the coarsely clumped pattern (Ta- 
ble 5). This a realistic representation of fire spread, 
nevertheless, fuel pattern accounts for a compar- 
atively small amount of variance in EMBYR 
compared to climate and weather in the other 
models. 

Fire spread in the majority of the models 
(FIRESCAPE, LAMOS(DS), LANDSUM, SEM- 
LAND) exhibits a positive, non-linear relationship 
with slope (McArthur 1967; Rothermel 1972). 
Distributions of slope across the terrain factors 
were, in general, broad enough to encompass the 
distribution of real slopes across simulation loca- 
tions, although it is recognised that steeper slopes 



do occur and this factor may have played a more 
dominant role if they were included. Nevertheless, 
terrain only explained an important amount of 
variation in FIRESCAPE. Fire spread in this 
model is not more responsive to slope than for 
other models. Rather, FIRESCAPE includes an 
i~nportant terrain-induced effect not represented in 
the other models, the effect of terrain on weather. 
Area burned increased from the flat, through 
undulating, to mountainous terrain (Table 6). The 
effect of the 2500 m relief on site weather in 
FIRESCAPE is considerably greater than the 
magnitude of the climate factor, with 'peaks' 
considerably cooler, moister and more humid than 
'valleys' which are markedly warmer, drier and less 
humid than the average elevation. Therefore, the 
effect of the mountainous terrain is that it provides 
for a greater percentage of the landscape in a fire- 
prone state (lower elevation sites) than affecting 
area burned because of increased slope. The 
influence of the undulating landscape is similar but 
less important. A flat landscape with a low eleva- 
tion would likely result in an even greater area 
burned. Therefore, effectively representing the ef- 
fect of terrain on weather in landscape fire models 
is fundamental if this aspect of the terrain factor is 
to influence model results in a realistic fashion. 

Sensitivity of models to fuel pattern and terrain 
may be a function of mean fire size in relation to 
fuel patch size and scale of terrain features 
respectively. While the objective of this experiment 
was to investigate the sensitivity of total area 
burned, we calculated the mean fire size for each 
model to investigate its relationship with sensitiv- 
ity to fuel pattern and terrain. The mean fire size 
for EMBYR (272 ha) represented the median 
across the set of models and was similar to that for 
FIRESCAPE (216 ha) and less than that for 
LANDSUM (429 ha). If sensitivity to fuel pattern 
were a function of mean fire size, then it might be 
expected that all three models would be sensitive 
to fuel pattern given that fuel patch size for the 
finely clumped and coarsely clumped patterns was 
25 and 625 ha respectively. Further, the similarity 
of mean fire size for FIRESCAPE, EMBYR and 
SEM-LAND, relative to LAMOS(DS) (24,102 ha) 
and SEM-LAND (5 ha) indicate that it is rela- 
tively unimportant compared with the effect of 
elevation on site climate. 

Interactions amongst factors were generally 
unimportant in explaining variance in area burned 

(Table 3). Not surprisingly, the most important 
interactions were between climate and weather 
factors. Modifying the climate tended to change 
the relationship between weather factor and area 
burned. For example, in LANDSUM four weather 
replicates under observed climate demonstrated a 
relatively low area burned while it was consider- 
ably higher for the remainder. For the warmer and 
wetter climate, one weather replicate exhibited low 
area burned, while for the warmer and drier cli- 
mate, all weather replicates exhibited a high area 
burned. Other interactions were comparatively 
unimportant. 

A number of factors and interactions resulted in 
significant differences amongst their levels 
(P < 0.05) but were unimportant for explaining 
variance in area burned (Table 3). This resulted 
from the large amount of variation introduced 
primarily from the weather and climate factors, 
but also the terrain factor in FIRESCAPE and the 
fuel factor in EMBYR. 'Variance explained' is a 
more meaningful measure when comparing the 
importance of environmental variables in deter- 
mining landscape dynamics such as area burned, 
particularly when dealing with simulated data. It 
allowed us to compare the importance of a range 
of factors on area burned, across a range of 
models with different input requirements and cal- 
ibrated for widely separated landscapes charac- 
terised by quite different climate systems and 
weather syndromes. Comparing models directly on 
area burned, rather than on variance in area 
burned explained, would likely have introduced a 
large amount of variation, resulting from models 
being formulated for different landscapes and 
climates, and in different ways. 

These findings have particular significance for 
the inclusion of fire in Dynamic Global Vegetation 
Models (DGVMs). The lack of sensitivity of area 
burned to fine scale fuel pattern indicates that 
coarse scale DGVMs may not need to incorporate 
pattern of vegetation within simulation cells, al- 
though this depends on the importance of vege- 
tation succession on area burned, which was not 
tested in this experiment. On the other hand, 
landscape scale pattern in terrain was demon- 
strated to be fundamentally important using the 
one landscape-fire-succession model that incorpo- 
rates the effect of terrain on weather. Also, the 
general finding of the importance of inter-annual 
variability in weather (compared with climate) has 



important implicatio~ls for the inclusion of fire into 
DGVMs, because an increase in the year-to-year 
variation in weather may translate into larger 
effects on area burned than long-term changes in 
mean temperature and precipitation brought 
about by climate change. 

There are advantages and disadvantages in 
conducting multiple-model comparison studies. 
Models from this study were developed indepen- 
dently before the inodellers came together for an 
objective model comparison. Therefore, the mod- 
els provide semi-independent lines of evidence in 
the experimental design. However, it is difficult to 
quantify the extent to which the standardised 
model input meets the assumptions of different 
n~odels, and whether meeting different assuinp- 
tioils affects the results of the experiment. For 
example, some models recognise a finite number of 
fuel ages (four for EMBYR and eight for 
LANDSUM), while fuel age is continuous for the 
other models. The assumptions of each model can 
be inet by translating the input data to meet the 
requirements of each model, however it is unclear 
what the effect of this is on model results. 

Also, there are a number of important differ- 
ences between the models compared. In LAND- 
SUM, the elements that define the fire regime (e.g., 
average fire size, ignition probabilities) are input 
parameters, whereas fire regime is an emergent 
property for the other models. Ordinarily, the area 
burned in LANDSUM would not vary amongst 
the climate factors, however for this comparison, 
the probability of ignition success was made sen- 
sitive to the Keetch-Byram Drought Index. For 
other models, climate affects either the area burned 
from the same number of ignitions or both the 
number of ignitions and the area burned. Second, 
there are differences in representation of processes 
associated with fire ignition and spread (Figure 5). 
Models that represent ignition in a more complex, 
mechanistic fashion are capable of exhibiting 
greater sensitivity to environmental factors overall. 
Selecting a model with particular levels of com- 
plexi ty , mechanism and model stochastici ty effec- 
tively determines the sensitivity of modelled results 
to variation in input parameters. 

Our approach involved the standardisation of 
model input and output to facilitate meaningful 
comparison between quite different models. This 
approach has considerable potential for conduct- 
ing comparisons amongst groups of other types of 

models producing variation in landscape dynam- 
ics, and for further comparison amongst land- 
scape-fire succession-models. For example, there is 
the potential to modify our method to look at the 
importance of a range of other factors, including 
management of fuel and of ignition probability. 

Conclusions 

Climate and weather are generally more important 
factors than fuel pattern and terrain in determining 
area burned in simulated landscapes. Area burned 
generally increased for warmer, drier climates, 
compared with that for observed climates, al- 
though irrespective of the actual climate, variation 
in weather is also important. Complex models are 
generally more sensitive to a greater number of 
factors because they explicitly simulate the relevant 
underlying mechanistic processes. The comparison 
methodology presented here can easily be modified 
to compare sets of models in different application 
areas, including gap models (Botkin 1993; Shugart 
2001) and biogeochemical models, with disparate 
ecosystems and climate characteristics. 

Acknowledgements 

This work was partially conducted as part of the 
Landscape Fires working group supported by the 
National Center for Ecological Analysis and 
Synthesis, a Center funded by the National Science 
Foundation (Grant # DEB-0072909), the Univer- 
sity of California, and the Santa Barbara campus. 
We also thank all participants in NCEAS work- 
shops especially Andrew Fall, Carol Miller, Don 
McKenzie and Mike Wotton, and Russ Parsons 
and Dan Fagre who organised a workshop in 
Glacier National Park. 

References 

Agee J.K. 1993. Fire ecology of Pacific Northwest forests. 
Island Press, Washington, DC, USA. 

Antonovski M.Y., Ter-Mikaelian M.T. and Furyaev V.V. 1992. 
A spatial model of long-term forest fire dynamics and its 
applications to forests in western Siberia. In: Shugart H.H., 
Leemans R. and Bonan G.B. (eds), A Systems Analysis of thc 
Global Boreal Forcst. Cambridge University Press, Cam- 
bridge, UK, pp. 373403. 



Anderson D.H., Catchpole E.A., De Mcstre N.J. and Parkes T. 
1982. Modelling the spread of grass fires. Journal of the 
Australian Mathematical Society (Series B) 23: 451-466. 

Baker W.L. 1989. A review of models of landscape change. 
Landscape Ecology 2: 1 1 1-1 3 1. 

Baker W.L. 1992. The landscape ecology of large disturbances 
in thc design and management of nature reserves. Landscape 
Ecology 7: 181-194. 

Baker W.L. 1999. Spatial simulation of the effects of human 
and natural disturbance regimes on landscape structure. In: 
Mladenoff D.J. and Baker W.L. (eds), Spatial Modelling of 
Forest Landscapes: Approaches and Applications. Cam- 
bridge University Press, Cambridge, UK, pp. 277-308. 

Barrows J.S., Sandberg D.V. and Hart J.D. 1977. Lightning 
fires in Northern Rocky Mountain forests. Final Report for 
Contract Grant 16440-CA USDA Forest Service Inter- 
mountain Fire Sciences Laboratory, Missoula, MT, USA. 

Bessie W.C. and Johnson E.A. 1995. The relative importance of 
fuels and weather on fire behaviour in subalpine forests. 
Ecology 76: 747-762. 

Botkin D.B. 1993. Forest Dynamics: An Ecological Model. 
Oxford University Press, Oxford, UK, pp. 309. 

Bristow K.L. and Campbell G.S. 1984. On the relationship 
between incoming solar radiation and daily maximum and 
minimum temperature. Agricultural and Forest Meteorology 
31: 159-166. 

Bugmann H.K.M., Yan X.D., Sykes M.T., Martin P., Lindner 
M., Desanker P.V. and Cumming S.G. 1996. A comparison 
of forest gap models: model structure and behaviour. 
Climatic Change 34: 289-313. 

Byram G.M. 1959. Combustion of forest fuels. In: Davis K.P. 
(ed.), Forest Fire: Control and Use. McGraw-Hill, New 
York, USA, pp. 61-80. 

Cary G.J. 1998. Predicting Fire Regimes and their Ecological 
Effects in Spatially Complex Landscapes. Ph.D. Thesis, The 
Australian National University, Canberra, Australia, pp. 284. 

Cary G.J. 2002. Importance of a changing climate for fire re- 
gimes in Australia. In: Bradstock R.A., Gill A.M. and Wil- 
liams J.E. (eds), Flammable Australia: The Fire Regimes and 
Biodiversity of a Continent. Cambridge University Press, 
Cambridge, UK, pp. 26-46. 

Cary G.J. and Gallant J.C. 1997. Application of a stochastic 
climate generator for fire danger modelling. Proceedings of 
the Biennial Australasian Bushfire Bushfire Conference, July 
1997, Darwin, Australia. 

Cary G.J. and Banks J.C.G. 1999. Fire regime sensitivity to 
global climate change: an Australian perspective. In: Innes 
J.L., Verstraete M.M. and Beniston M. (eds), Advances in 
Global Change Research. Kluwer Academic Publishers, 
Dordrecht and Boston, pp. 233-246. 

Clark J.D. 1989. Ecological disturbance as a renewal process: 
theory and application to fire history. Oikos 56: 17-30. 

Clark J.D. 1990. Fire and climate change during the last 
750 years In northwestern Minnesota. Ecological Mono- 
graphs 60: 135-159. 

Clark J.S. 1993. Fire, climate change, and forest processes 
during the past 2000 years. Geological Society of America, 
Special Paper 276: 295-308. 

Cramcr W., Kicklighter D.W., Bondeau A., Moore B.111, 
Churkina G., Nemry B., Ruimy A. and Schloss A.L. . The 
participants of the Potsdam NPP intermodcl comparison 

1999. Comparin global models of terrestrial net primary 
productivity (NPP): overview and key results. Global Change 
Biology S(Supp1. I): 1-1 5. 

Crutzen P.J. and Goldammer J.G. 1993. Fire in the Environ- 
ment: The Ecological, Atmospheric and Climatic Importance 
of Vegetation Fires. John Wiley and Sons, New York, New 
York, USA. 

CSIRO 1996. Climate Change Scenarios for the Australian 
Region. Climate Impact Group, CSIRO Division of Atmo- 
spheric Research, Melbourne, Australia. 

Dale V.H., Doyle T.W. and Shugart H.H. 1985. A comparison 
of tree growth models. Ecological Modelling 29: 145-169. 

Davis F.W. and Burrows D.A. 1993. Modelling fire regimes in 
Mediterranean landscapes. In: Levin S.A., Powell T.M. and 
Steele J.H. (eds), Patch Dynamics. Springer-Verlag, New 
York, USA, pp. 247-259. 

DeAngelis D.L., Gross L.J., Huston M.A., Wolff W.F., Flem- 
ing D.M., Comiskey E.J. and Sylvester S.M. 1998. Landscape 
modelling for everglades ecosystem restoration. Ecosystems 
1: 64-75. 

Flann~gan M.D. and Harrington J.B. 1988. A study of the 
relation of meteorological variables to monthly provincial 
area burned by wildfire in Canada 1953-80. Journal of 
Applied Meteorology 27: 441-452. 

Flannigan M.D. and Van Wagner C.E. 1991. Climate change 
and wildfire in Canada. Canadian Journal of Forest Research 
21: 66-72. 

Flannigan M.D. and Wotton B.M. 2001. Climate, weather and 
area burned. In: Johnson E.A. and Miyanishi K. (eds), Forest 
Fires: Behaviour and Ecological Effects. Kluwer Academic 
Press, pp.335-357. 

Forestry Canada Fire Danger Group 1992. Development and 
structure of the Canadian Forest Fire Behaviour Prediction 
Systems. Report ST-X-3, Forestry Canada, Science and 
Sustainable Development Directorate, Ottawa, pp. 63. 

Fox B.J., Fox M.D. and McKay G.M. 1979. Litter accumula- 
tion after fire in a eucalypt forest. Australian Journal of 
Botany 27: 157-165. 

Fuquay D.M. 1980. Lightning that ignites forest fires. In: 
Proceedings of the 6th Conference on Fire and Forest 
Meteorology, Society of American Foresters. Seattle, WA, 
USA. 

Gardner R.H., O'Neill R.V., Mankin J.B. and Kumar D. 1980. 
Comparative crror analysis of six predator-prey models. 
Ecology 61: 323-332. 

Gardner R.H., Cale W.G. and O'Neill R.V. 1982. Robust 
analysis of aggregation error. Ecology 63: 1771-1 179. 

Gardner R.H., Hargrove W.W., Turner M.G. and Romme 
W.H. 1996. Climate change, disturbances and landscape 
dynamics. In: Walker B.H. and Steffen W.L. (eds), Global 
Change and Terrestrial Ecosystems. Cambridge University 
Press, Cambridge, UK, pp. 149-172. 

Gill A.M. 1975. Fire and the Australian flora: a review. Aus- 
tralian Forestry 38: 4-25. 

Hargrove W.W., Gardner R.H., Turner M.G., Romme W.H. 
and Despain D.G. 2000. Simulating fire patterns in hetero- 
geneous landscapes. Ecological Modelling 135: 243-263. 

Hely C., Flannigan M., Bergcron Y. and McRae D. 2001. Role 
of vegetat~on and weather on fire behaviour in the Canadian 
m~xedwood boreal forest using two fire behaviour prcdiction 
systems. Canadian Journal of Forest Research 3 1: 430-441. 



Hirsch K.G. 1996. Canadian Forest Fire Behavior Prediction 
(FBP) System: User's Guide. Special Report 7, Northern 
Forestry Centre, Canadian Forest Service, Edmonton, 
Alberta. 

IPCC 2001. Climate Change 2001: The Scientific Basis. IPCC 
Third Assessment Report: Summaries for Policymakers 
Working Group I Climate Change 2001. 

Jackson W.D. 1968. Fire, air, water and earth - an elemental 
ecology of Tasmania. Proceedings of the Ecological Society 
of Australia 3: 9-16. 

Keane R.E., Morgan P. and Running S.W. 1996. FIRE-BGC 
- a mechanistic ecological process model for simulating fire 
succession on coniferous forest landscapes of the northern 
Rocky Mountains. Research Paper INT-RP-484, USDA 
Forest Service Intermountain Research Station, Missoula, 
MT, USA. 

Keane R.E., Parsons R. and Hessburg P. 2002. Estimating 
historical range and variation of landscape patch dynamics: 
limitations of the simulation approach. Ecological Modelling 
151: 29-49. 

Keane R.E. and Finney M.A. 2003. The simulation of land- 
scape fire, climate, and ecosystem dynamics. In: Veblen T.T., 
Baker W.L., Montenegro G.  and Swetnam T.W. (eds), Fire 
and Global Change in Temperate Ecosystems of the Wcstern 
Americas. Springer-Verlag, New York, New York, USA, pp. 
32-66. 

Keane R.E., Cary G.J. and Parsons R. 2003. Using simulation to 
map fire regimes: an evaluation of approaches, strategies, and 
limitations. International Journal of Wildland Fire 12: 309-322. 

Keane R.E., Cary G.J., Davies I.D., Flannigan M.D., Gardner 
R.H., Lavorel S., Lenihan J.M., Li C .  and Rupp S.T. 2004. A 
classification of landscape fire succession models: spatial 
simulations of fire and vegetation dynamics. Ecological 
Modelling 179: 3-27. 

Knight D.H. 1987. Parasites, lightning, and the vegetation 
mosaic in wilderness landscapes. In: Turner M.G. (ed.), 
Landscape Heterogeneity and Disturbance. Springer-Verlag, 
New York, pp. 59-83. 

Lavorel S., Davies I.D. and Noble I.R. 2000. LAMOS: A 
LAndscape Modelling Shell. In: Hawkes B.C. and Flannigan 
M.D. (eds), Landscape Fire Modelling-Challenges and 
Opportunities. Northern Forestry Centre Information Re- 
port NOR-X-371. Natural Resources Canada, Canadian 
Forest Service Edmonton, Alberta, Canada, pp. 25-28. 

Lertzman K., Fall J. and Brigitte D. 1998. Three kinds of 
heterogeneity in fire regimes: at the crossroads of fire history 
and landscape ecology. Northwest Science 72: 4-23. 

Li C. 2000. Reconstruction of natural fire regimes through 
ecological modelling. Ecological Modelling 134: 129-144. 

Li C. 2002. Estimation of fire frequency and fire cycle: a 
computational perspective. Ecological Modelling 154: 103- 
120. 

Li C. 2003. Modelling the influence of fire ign~tion source 
patterns on fire regimes of west-central Alberta. Proceedings 
of the 4th International Conference on Integrating G I s  and 
Environmental Modelling: Problems, Prospects and Research 
Needs. Banff, Alberta, Canada, September 2-8, 2000. (CD- 
ROM). 

Li C. 2004. Simulating Forest Fire Regimes in the Foothills of 
the Canadian Rocky Mountains. In: Perera A.H., Buse L.J. 
and Wcber M.G. (eds), Emulatrng Natural Forcst Landscape 

Disturbances: Concepts and Applications. Columbia Unl- 
versity Press, New York, NY, USA. 

Li C., Flannigan M.D. and Corns I.G.W. 2000. Influence of 
potential climate change on forest landscape dynamics of 
west-central Alberta. Canadian Journal of Forest Research 
30: 1905-1912. 

Li C. and Barclay H.J. 2001. Fire disturbance patterns and 
forest age structure. Natural Resource Modelling 14: 495- 
521. 

Li C, and Apps M.J. 2002. Fire regimes and the carbon 
dynam~cs of boreal forest ecosystems. In: Shaw C.H. and 
Apps M.J. (eds), The Role of Boreal Forests and Forestry in 
the Global Carbon Cycle. Proceedings of IBFRA 2000 con- 
ference, Northern Forestry Centre, Canadian Forest Service, 
Edmonton, Alberta, Canada pp. 107-1 18. 

Matalas N.C. 1967. Mathematical assessment of synthetic 
hydrology. Water Resources Research 3: 937-945. 

McArthur A.G. 1967. Fire behaviour in eucalypt forests. 
Commonwealth of Australia Forest and Timber Bureau 
Leaflet, 107, Canberra Australia. 

McCarthy M.A. and Cary G.J. 2002. Fire regimes of land- 
scapes: models and rcalities. In: Bradstock R.A., Gill A.M. 
and Williams J.E. (eds), Flammable Australia: The Fire Re- 
gimes and Biodiversity of a Continent. Cambridge University 
Press, Cambridge, UK, pp. 76-93. 

Moreno J.M. and Oechel W.C. 1994. The Role of Fire in 
Mediterranean Ecosystems. Springer, Berlin. 

Noble I.R., Bary G.A.V. and Gill A.M. 1980. McArthur's fire- 
danger meters expressed as equations. Australian Journal of 
Ecology 5: 20 1-203. 

Olson J.S. 1963. Energy storage and the balance of producers 
and decomposers in ecological systems. Ecology 44: 322- 
332. 

Pan Y.D., Melillo J.M., McGuire A.D., Kicklighter D.W., 
Pitelka L.F., Hibbard K., Pierce L.L., Running S.W., Ojima 
D.S., Parton W.J. and Schimel D.S. 1998. Modeled responses 
of terrestrial ecosystems to elevated atmospheric COz: a 
comparison of simulations by the biogeochemistry models of 
the Vegetation/Ecosystem Modelling and Analysis Project 
(VEMAP). OecoIogia 1 14: 389-404. 

Raison R.J., Woods P.V. and Khanna P.K. 1983. Dynamics of 
fine fuels in recurrently burnt eucalypt forests. Australian 
Forestry 46: 294-302. 

Richardson C.W. 1981. Stochastic simulation of daily precipi- 
tation, temperature, and solar radiation. Water Resources 
Research 17: 182-190. 

Roderick M.L. 1999. Estimating the diffuse cornponcnt from 
daily and monthly measurements of global radiation. Agri- 
cultural and Forest Meteorology 95: 169-185. 

Roderick M.L. and Farquhar G.D. 2002. The cause of de- 
creased pan evaporation over the last 50 years. Science 298: 
1410-141 1. 

Romme W.H. 1982. Fire and landscapc diversity in subalpine 
forcsts of Yellowstone National Park. Ecological Mono- 
graphs 52: 199-231. 

Romme W.H. and Turner M.G. 1991. Iinplications of global 
climate change for biogeographic patterns in the greater 
Yellowstone ecosystem. Conservation Biology 5: 373-386. 

Rose K.A., Brcnkcrt A.L., Cook R.B., Gardiler R.H. and 
Hettelingh J.P. 1991. Systematic comparison of ILWAS, 
MAGIC, and ETD watershed ac~dificat~on models: 1. Map- 



ping among model inputs and deterministic results. Water 
Resources Research 27: 2577-2598. 

Rothermel R.C. 1972. A mathematical model for predicting fire 
spread in wildland fuels. Research Paper INT-115, US 
Department of Agriculture, Forest Service, Intermountain 
Forest and Range Experiment Station, Ogden, UT, USA. 

Rupp T.S., Starfield A.M. and Chapin F.S. 2000. A frame- 
based spatially explicit model of subartic vegetation response 
to climate change: comparison with a point model. Land- 
scape Ecology 15: 383-400. 

SAS 2000. OnlineDoc, Version 8. SAS Institute Inc. SAS In- 
stitute Inc., Cary, NC. 

Schmidt K.M., Menakis J.P., Hardy C.C., Bunnell D.L. and 
Sampson N. 2002. Development of coarse-scale spatial data 
for wildland fire and fuel management. General Technical 
Report RMRS-GTR-CD-000, US Department of Agricul- 
ture, Forest Service, Rocky Mountains Research station, 
Ogden, UT, USA. 

Shugart H.H. 2001. Forest gap models. In: May R.M. (ed.), 
Encyclopedia of Global Environmental Change Volume 2: 
The Earth System: Biological and Ecological Dimensions 
of Global Environmental Change. Wiley Books, London, 
UK. 

Starfield A.M. and Chapin F.S. 1996. Model of transient 
changes in arctic and boreal vegetation in response to 
ciimate and land use change. Ecological Applications 6: 
842-864. 

Stocks B.J., Fosberg M.A., Lynaham T.J., Mearns L., Wotton 
B.M., Yang Q., Lin J.Z., Lawrence K., Hartley G.R., Mason 
J.A. and McKenney D.W. 1938. Climate change and forest 
fire potential in Russian and Canadian boreal forests. 
Climatic Change 38: 1-1 3. 

Suffling R., Lihou C. and Morand Y. 1988. Control of land- 
scape diversity by catastrophic disturbance: a theory and a 

case study of fire in Canadian boreal forest. Environmental 
Management 12: 73-78. 

Swanson F.J., Franklin J.F. and Sedcll J.R. 1997. Landscape 
patterns, disturbance, and management in the Pacific 
Northwest, USA. In: Zonnneveld I.S. and Forman R.T.T. 
(eds), Changing Landscapes: An Ecological Perspective. 
Springer-Verlag, New York, NY, USA, pp. 191-213. 

Swetnam T.W. 1993. Firc history and climate change in giant 
sequoia groves. Science 262: 885-889. 

Turner M.G., Gardner R.H., Dale V.H. and O'Neill R.V. 
1989a. Predicting the spread of disturbance across hetcroge- 
neous landscapes. Oikos 55: 121-129. 

Turner M.G., Costanza R. and Sklar F.H. 1989b. Methods to 
evaluate the performance of spatial simulation models. Eco- 
logical Modelling 47: 1-18. 

Turner M.G., Romme W.H., Gardner R.H. and Hargrove 
W.W. 1997. Effects of fire size and pattern on early succession 
in Yellowstone National Park. Ecological Monographs 67: 
41 1-433. 

Van Wagner C.E. 1969. A simple fire-growth model. Forcstry 
Chronicle 45: 3-4. 

Van Wagner C.E. 1987. Development and structure of the 
Canadian Forest Fire Weather Index System. Forestry 
Technical Report 35, Canadian Forest Service, Ottawa, 
Canada 36 pp. 

VEMAP 1996. The vegetation/ecosystem modelling and anal- 
ysis project (VEMAP): assessing the potential responses of 
natural ecosystems to climate change. EPRI. 

Walker J. 1981. Fuel dynamics in Australian vegetation. In: Gill 
A.M., Groves R.H. and Noble I.R. (eds), Fire and The 
Australian Biota. Australian Academy of Science, Canberra, 
Australia, pp. 101-1 27. 

Wotton B.M. and Flannigan M.D. 1993. Length of fire season 
in a changing climate. Forestry Chronicle 69: 187-192. 




