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An  assessment  of  the  relative  importance  of  vegetation  change  and  disturbance  as  agents  of  landscape
change  under  current  and future climates  would  (1)  provide  insight  into  the  controls  of  landscape  dynam-
ics, (2)  help  inform  the  design  and  development  of  coarse  scale  spatially  explicit  ecosystem  models  such
as Dynamic  Global  Vegetation  Models  (DGVMs),  and  (3)  guide  future  land  management  and  planning.
However,  quantification  of  landscape  change  from  vegetation  development  and disturbance  effects  is
difficult because  of  the  large  space  and  long  time  scales  involved.  Comparative  simulation  modeling
experiments,  using  a suite  of  models  to simulate  a  set of  scenarios,  can provide  a  platform  for  investigat-
ing landscape  change  over  more  ecologically  appropriate  time  and  space  scales  that  control  vegetation
and  disturbance.  We  implemented  a multifactorial  simulation  experiment  using  five landscape  fire suc-
cession  models  to explore  the  role of  fire  and  vegetation  development  under  various  climates  on a  neutral
landscape.  The  simulation  experiment  had  four  factors  with  two  or three  treatments  each:  (1)  fire  (fire
and  no  fire),  (2)  succession  (dynamic  and  static  succession),  (3) climate  (historical,  warm-wet,  warm-
dry),  and  (4)  weather  (constant,  variable).  We  found  that,  under  historical  climates,  succession  changed
more area  annually  than  fire by  factors  of 1.2  to  34, but one  model  simulated  more  landscape  change
from  fire  (factor  of  0.1).  However,  we also  found  that  fire  becomes  more  important  in  warmer  future

climates  with  factors  decreasing  to below  zero  for most  models.  We  also  found  that  there  were  few dif-
ferences  in  simulation  results  between  weather  scenarios  with  low  or  high  variability.  Results  from  this
study show  that  there  will  be  a shift  from  vegetation  processes  that  control  today’s  landscape  dynamics
to  fire  processes  under  future  warmer  and  drier  climates,  and  this  shift  means  that  detailed  representa-
tions  of  both  succession  and  fire  should  be  incorporated  into  models  to realistically  simulate  interactions
between  disturbance  and  vegetation.
. Introduction
An overlooked and misunderstood process in many global
oarse-scale vegetation simulation models, such as Dynamic Global
egetation Models (DGVMs), is the role that wildland fire plays in
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determining vegetation composition and structure (Arora and Boer,
2005; Bowman et al., 2009; Krawchuk et al., 2009; Lenihan et al.,
1998; Fosberg et al., 1999). Complex ecological interactions (e.g.,
disturbance and mortality), non-linear feedbacks (e.g. fire, vegeta-
tion, and fuels), and spatial and temporal relationships (e.g., seed
dispersal) between fire, climate, and vegetation in most ecosys-
tems make it difficult to determine which relationships are most
important for describing, understanding, and ultimately modeling
ecosystem and vegetation dynamics from fine (landscape) to coarse

(DGVM) scales (Lauenroth et al., 1993; Neilson et al., 2005). Ecologi-
cal modeling has improved our understanding of these interactions
with an ever increasing number of theoretical community, patch-
scale, and landscape models that have become quite successful
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t exploring climate–disturbance–vegetation interactions (Seidl
t al., 2011; Baker, 1989; Loehle and LeBlanc, 1996; Lauenroth
t al., 1998; Keane and Finney, 2003). However, coarser scale
odels of climatic effects on disturbance and vegetation change

regional to global) may  be so computationally intensive and com-
lex that many fine scale interactions are represented simplistically
r eliminated altogether. Some global models, for example, assume
egetation composition and structure do not change and only
imulate climate effects on biogeochemistry and ecophysiology
Running and Nemani, 1991; Neilson and Running, 1996; Waring
nd Running, 1998). Other models assume that vegetation will
nstantaneously change in response to changing climate (e.g., state-
nd-transition, equilibrium biogeographical models; Prentice et al.,
993; Iverson and Prasad, 2002). And, still other models assume
hat disturbance regimes are minor drivers of vegetation change
see Dale and Rauscher, 1994).

The inclusion of disturbance and other extreme events into
oarse- and landscape-scale dynamic computer models is difficult
Lenihan et al., 1998; Fosberg et al., 1999; Perry and Millington,
008; Pfeiffer et al., 2013; Thonicke et al., 2001) and few mod-
ls have explicitly incorporated the spatial relationships between
isturbance and other ecological processes at appropriate scales
Arora and Boer, 2005; Urban et al., 1991; Girod et al., 2007). Wild-
and fire, for example, is a ubiquitous global disturbance that is
losely linked to vegetation composition and structure, climate
nd weather, and other disturbances processes (Swetnam, 1990;
lark, 1993; Olson, 1981; Swetnam and Baisan, 1996; Bowman
t al., 2009). And conversely, fire regimes are in turn influenced by
esultant vegetation dynamics, such as successional development
nd carbon accumulation (Agee, 1991; King et al., 2011; McKenzie,
998; Schoennagel et al., 2004). Effects resulting from shifts in
re regimes due to climate warming (e.g., Cary and Banks, 2000;
lannigan et al., 2005) may  overwhelm many other ecosystem
esponses to climate change, such as species growth, migration,
ubstitution, and extinction (Weber and Flannigan, 1997), hydrol-
gy, nutrient availability, and carbon exchange (McKenzie et al.,
996; Bachelet et al., 2000). Because changes in vegetation struc-
ure and composition are dependent on the pattern, severity, and
iming (e.g., season) of fire (Agee, 1993; DeBano et al., 1998; Spies
t al., 2012), large non-linear changes in vegetation are likely to
ccur in response to climatically induced changes in fire regime
Crutzen and Goldammer, 1993; Neilson et al., 2005; Perry and

illington, 2008).
Many landscape models have been developed in the last three

ecades (see Baker, 1989; He, 2008; Keane et al., 2004; Li et al.,
008; Mladenoff and Baker, 1999; Scheller and Mladenoff, 2007)
nd we have used a special class of these models, termed Landscape
ire Succession Models (LFSMs; Keane et al., 2004), to investigate
he relative importance of climate, weather variability and fuel
rrangement on fire dynamics across several climates and ecosys-
ems (Cary et al., 2006, 2009; Keane et al., 2007). We  feel our
fforts in these comparative simulation studies generated knowl-
dge needed to understand landscape dynamics and provided
nformation needed by global vegetation modelers to design effi-
ient and parsimonious large scale vegetation models that include
xplicit simulations of fire. To keep simulation experiments fea-
ible, however, our earlier studies simulated fire for only 1 year
hereby keeping the vegetation and fuel composition and struc-
ure static. Because of this limited temporal depth, we  could not
etermine the relative importance and significance of vegetation
nd fuel development (i.e., succession) on resultant fire regimes
nd landscape dynamics. This also meant that we  were unable to

stablish the detail needed to simulate interactions of vegetation
ynamics with fire on the landscape.

The problem then is to identify the role of vegetation develop-
ent in the simulation of landscape dynamics in a spatial domain,
lling 266 (2013) 172– 186 173

especially considering the dominating influence of disturbance pro-
cesses on successional dynamics. Do landscape to global vegetation
models really need to describe landscape composition and pattern
to ensure climate and fire regime effects are simulated properly?
With this question in mind, our study objective was  to explore
the interaction between vegetation dynamics, weather variability,
and landscape fire regimes under changing climates using ensem-
ble simulation modeling, then specifically to describe the relative
importance of vegetation development vs. fire regimes in influenc-
ing landscape dynamics under different climates and to perhaps
facilitate coarse-scale model development. Understanding the role
of vegetation succession on fire-prone landscapes under various cli-
mates might inform efficient and effective designs for landscape to
coarse-scale models to realistically describe changes in landscape
dynamics caused by warming climates.

We explored vegetation–fire–weather–climate interactions
using a focused simulation experiment implemented across a suite
of landscape fire succession models that were specifically designed
to simulate these complex ecological process feedbacks (Cary et al.,
2006). There are many advantages of implementing a simulation
experiment using a number of diverse landscape models includ-
ing (1) assessment of the strengths and weaknesses of each model,
(2) quantification of the level of uncertainty based on consensus,
(3) elimination of the dependence on results from one model, (4)
improved collaboration across modelers (comparative exercises
allow modelers to critically evaluate their models under novel situ-
ations usually resulting in refinements to existing models), and (5)
increased learning (comparing models under a structured simula-
tion experiments can yield new knowledge that might be helpful in
understanding climate change effects and improve design of large
scale models, see Cary et al., 2006).

In this study, we use the term “succession” to represent veg-
etation and fuel development over time. Succession is often a
contentious term in vegetation ecology because it is generally
used in the Clementsian context where vegetation communities
develop along pathways of facilitation (Clements, 1916; Connell
and Slayter, 1977). This study, however, uses the term succession
to describe any form of vegetation or fuel development in any direc-
tion (progressive, retrogressive). Both vegetation development and
succession are used specifically to refer to the processes that gov-
ern plant growth, reproduction, and mortality across plant species
and sizes (Bazzaz, 1979). Vegetation dynamics refers to the inter-
action of succession with disturbance, climate, and the multitude
of other ecosystem processes, and landscape dynamics refers to
the interactions of vegetation, disturbance, and climate over spatial
domains.

2. Methods

In summary, we  designed a nested, factorial simulation experi-
ment with four factors and each factor having 2–3 treatment levels
to investigate fire–climate–vegetation dynamics. We  implemented
this experiment on 10 replicate neutral landscapes using five land-
scape models. Factors in the simulation experiment were selected
to correspond with past modeling work (Cary et al., 2006, 2009),
and also to evaluate the relative contributions of succession and
fire to landscape dynamics. A nested block design was required to
explore interactions across factors.

2.1. The Models
The five models used in this study are a small but a relatively
representative fraction of the landscape fire succession models
currently available (Baker, 1989; Gardner et al., 1999; He, 2008;
Scheller and Mladenoff, 2007) (Table 1). We  attempted to use a
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Table 1
Detailed descriptions of each model used in this study.

Attribute Landscape fire succession models used in this study

FireBGCv2 FIRESCAPE-SWTAS FIRESCAPE-ACT LAMOS-FATE-HS LANDSUM

Model labela FBGC FS-SWT FS-ACT LHS LSUM
Key  references Keane et al. (1996, 2011) King et al. (2006, 2008, 2011) Cary (2002), Cary et al. (2006) Bradstock et al. (2012) Keane et al. (2006)
Weather station Yellowstone National Park,

Montana USA
Strathgordon, Tasmania,
Australia

Ginninderra, ACT Australia Sydney, AU West Glacier, MT,  USA

Ecosystem Mixed conifer temperate forest Buttongrass-scrub-scelrophyll
forest-mixed forest-rainforest

Eucalypt forest Eucalypt forest; shrubland Mixed conifer forest

Geo-region Northern Rockies USA Southwest
Tasmania, Australia

SE Australia (ACT) SE Australia (NSW) Northern Rockies USA

Weather  streamb Daily tmax, tmin, ppt, rh, rad,
wind

Daily tmax, tmin, ppt, rh, wind
speed and direction

Daily tmax, tmin, ppt, rh, wind
speed and direction

Daily tmax, tmin, ppt, rh, wind
speed and direction

Annual KBDI

Purpose of development Research tool for exploring
climate, fire, vegetation
interactions

Research tool to explore fire
and vegetation interactions,
prescribed burn effectiveness,
and climate change effects

Research tool to explore factors
that affect fire regimes in
spatially complex landscapes

Research tool for
understanding fuel
management, climate and
biodiversity in fire-prone
landscapes

Management tool for
implementing forest
management plans

Time  step(s) Multiple: day, season, year Multiple: day, year Multiple: day, year Multiple: day, year Year
Vegetation development

simulation
Ecophysiological Gap model State-and-transition between

vegetation communities; fuel
load dynamics through time

Fuel loading dynamics
(accumulation processes)

FATE (Moore and Noble, 1990) Multiple pathway state and
transition

Succession simulation
resolution

Individual tree simulation:
dispersal, regeneration,
growth, mortality

State transition Fuel accumulation PFT cohort simulation State transition

Relative  change in
flammability with advancing
succession

More; flammability increases
with increasing fuel loads and
denser canopy fuels

Less; flammability decrease
because late seral communities
are wetter and more difficult to
burn

More; flammability increases
as surface fuel loads
accumulate

Variable; flammability is
dependent on the successional
stage and time since burn

More; flammability increases
as time since fire advances
using a hazard function

Succession cycle (SC, yr) 252 450 10 120 252
Fire  spread Cell percolation using vectors

of  wind and slope (Rothermel,
1972)

Mechanistic spread with
McArthur (1967) for Forest,
Catchpole et al. (1998) for
shrubs, Marsden–Smedley
buttongrass

Mechanistic spread based on
McArthur’s (1967) fire
behavior in eucalypt forests
(Noble et al., 1980)

Mechanistic spread McArthur
(1967) for forest, Catchpole
et al. (1998) for shrubs, Cheney
et al. (1998) for grass

Deterministic cell automata
based on slope and wind

Fire  extinguishment None, but selected fire size
depends on weather index
(KBDI), fuels, precipitation

Soil dryness index,
precipitation, fireline intensity,
fuel loads

Precipitation, fireline intensity Precipitation, fireline intensity
relative to vegetation type

None, fire size selected from
distribution

Fire  effects Tree mortality, fuel
consumption, soil heating,
smoke

State transition between
communities based on fireline
intensity and fire interval

Fuel consumption based on
intensity

State transition based on three
levels of fire line intensity

State transition based on three
levels of fire severity

Fire  ignition Stochastic random based on
state properties

Random stochastic Quasi-stochastic, mechanistic
based on terrain, weather

Quasi-stochastic, mechanistic
based on terrain, weather

Stochastic random based on
vegetation state properties

Fire  return interval for
parameterized ecosystem

300–350 40–500 50 20–50 150–200

Climate vegetation linkages Yes No No No No
Climate–fire ignition linkage Yes Yes Yes Yes No
Thresholds for keying fire

severity in this study
Low – <20% tree mortality
Mod  – 20–70% tree mortality
High – >70% mortality

Low – <3000 kW m−1

Mod  – 3000–7000 kW m−1

High – >7000 kW m−1

Low – <3000 kW m−1

Mod  – 3000–7000 kW m−1

High – >7000 kW m−1

Low – <3000 kW m−1

Mod  – 3000–7000 kW m−1

High – >7000 kW m−1

Low – <20% tree mortality
Mod – 20–70% tree mortality
High – >70% mortality

a These shortened names are used as labels in graphs and tables to minimize complexity.
b Abbreviations are ppt – precipitation, tmax  – maximum daily temperature, tmin  – minimum daily temperature, rh – relative humidity, srad – solar radiation, wind – wind speed.
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andscape model from each category of the Keane et al. (2004),
e (2008), and Scheller and Mladenoff (2007) classifications, but

he developers of some of the models were not available to refine
heir model and its input data structures to participate in this com-
arative experiment. We  feel the five selected models represent
hree important classes in the Keane et al. (2004) landscape model
lassification (Cary et al., 2006).

FireBGCv2 is a mechanistic, individual tree succession model
ontaining stochastic properties implemented in a spatial domain
Keane et al., 1996, 2011). It was created by fusing the FIRESUM gap

odel (Keane et al., 1989) with the “big leaf”, ecosystem dynam-
cs Biome-BGC model (Running and Hunt, 1993). Tree growth,
rganic matter decomposition, litterfall, and many other ecologi-
al processes are simulated using detailed physical biogeochemical
elationships. Tree establishment and mortality are modeled using
robability functions with empirically derived parameters. Fire-
GCv2 also includes a spatial simulation of fire on the landscape
here fire is spread across the landscape based on slope and wind

ectors from a fire start ignited based on fuel moisture and loading
Rothermel, 1983; Keane et al., 2002a,b). Fire effects are simulated
y computing fire intensity, then estimating fuel consumption,
ree mortality, and soil heating using algorithms in the embedded
OFEM model of Reinhardt et al. (1997). Daily weather inputs drive
rimary canopy processes (e.g., transpiration, photosynthesis and
espiration) and are also used to ignite and spread fire across the
andscape. Carbon allocation to the stem of a tree is used to calcu-
ate a corresponding diameter and height growth. Materials from
rees (fallen needles, leaves, and branches) are added to the fuelbed
nd eventually decompose based on available water, nitrogen,
nd light. Cone crops are stochastically generated and subsequent
eed dissemination is spatially modeled across the landscape using
mpirical dispersal relationships representing wind and bird dis-
ersal.

FIRESCAPE-ACT simulates fire regimes for Eucalyptus dominated
andscapes in southeastern Australia (Cary and Banks, 2000). It
perates on a daily time step that switches to hourly whenever

 fire ignites. Ignition locations are generated from an empirical
odel of lightning strikes (Cary, 1998). The probability of igni-

ion is associated with macro-scale elevation reflecting the effect
f mountain range storm occurrence. Daily weather is generated
y a modified version of the Richardson-type stochastic climate
enerator (McCarthy and Cary, 2002). The spread of fire from a
ixel to its immediate neighbors is a function of elliptical fire
pread and Huygens’ Principle (Anderson et al., 1982), although
opography, fuel load and wind speed and direction result in non-
lliptical fires. Rate of spread of the head fire is determined from
re behavior algorithm associated with McArthur’s Forest Fire Dan-
er Meter (McArthur, 1967). Fuel loads are modeled using Olson’s
1963) model of biomass accumulation parameterized for a range
f Australian systems (Fox et al., 1979; Walker, 1981; Raison et al.,
983). Fuel load is calculated before each pixel burns based on
he years since last burn and how much fuel has accumulated
ince the last fire. Fireline intensity (kW m−1) is calculated for
he spread of fire from one cell to the next to determine fire
xtinguishment.

FIRESCAPE-SWTAZ is a modification of the FIRESCAPE-
CT model to simulate fire regimes for buttongrass/sclerophyll/
ainforest landscapes in Tasmania, Australia (King et al., 2006,
008). A state-and-transition model is used for successional
rajectories between cool, moist buttongrass moorland, shrubland,
clerophyll (eucalypt), mixed forest, and rainforest communities
epending on the frequency and intensity of fire events (King et al.,

008). Each pixel is updated before they burn to ensure that the
egetation and fuel loading are correct. Vegetation is evaluated
mmediately after it burns to determine if the same community will
emain, or an alternate ‘earlier succession’ community will replace
lling 266 (2013) 172– 186 175

it as a consequence of a series of rules regarding the frequency and
intensity of past fire events. Fuel dynamics are modeled in an iden-
tical manner to those in FIRESCAPE-ACT. Ignitions occur randomly
across the landscape, with daily and hourly historical Australian
Bureau of Meteorology weather data looped through time. Fire
behavior is modeled using algorithms specific to each vegetation
community: (1) buttongrass moorlands (Marsden-Smedley and
Catchpole, 1995a,b, 2001; Marsden-Smedley et al., 1999, 2001);
(2) shrublands (Catchpole et al., 1998); (3) forest (McArthur, 1967;
Noble et al., 1980).

LAMOS-FATE-HS simulates dynamics of the dry sclerophyll
forests of southeastern Australia using both the model (FATE)
and plant functional type (PFT) parameterization from Moore and
Noble (1990) in the LAMOS modeling shell (Lavorel et al., 2000).
There are four PFTs including a tall lignotuberous eucalypt, a poa
grass and two  shrubs, one having seed release conditioned by fire.
The FATE model is deployed over a raster grid with a separately
parameterized seed dispersal algorithm for each PFT. Dispersal is
mostly modeled using a continuous kernel algorithm (Lavorel et al.,
2000). Community succession status is updated yearly, soil mois-
ture, adapted from Rotstayn et al. (2006) and Roderick et al. (2007),
is updated daily. Fire spread is updated hourly using the same
spread algorithm as FIRESCAPE. Separate rates of spread calcula-
tions are taken from Noble et al. (1980) for forests and Cheney
et al. (1998) for grass. Effects of fires on community structure are
handled by the FATE model. Fuel loads are modeled using Olson
(1963) with parameters from Conroy (1996) with each PFT con-
tributing to the fuel load in proportion to its abundance. FATE has
no climate linkages. Temporal frequency distribution of ignitions
varies throughout the year based on lightning activity in the Syd-
ney region (Kuleshov et al., 2002), while ignition locations have a
uniform random distribution.

The LANDscape SUccession Model (LANDSUM) is a spa-
tially explicit vegetation dynamics simulation program wherein
succession is treated as a deterministic process using a state-
and-transition pathway approach (frame-based), and disturbances
(e.g., fire, insects, and disease) are treated as stochastic processes
with all but wildland fire occurring at the polygon scale (Keane
et al., 2002b, 2006). For wildland fire simulations, ignition loca-
tions are random in LANDSUM and fire spread is simulated from
user-specified wind speed and direction, slope, and binary fuel
type (burn, no-burn) determined from the succession stage. LAND-
SUM 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 climate was
not explicitly included in the model. Climate was included for this
study by computing the daily Keetch–Byram Drought Index (KBDI)
and comparing the maximum value to the index ranges 200–400,
400–600, and 600+ to decide the climate index that references the
scalars of 0.5, 1.0, and 2.0, respectively, for fire frequency probabil-
ities and fire size computations. These scalars, along with fire size
and probability parameters, were estimated from fire history data
compiled for a lodge-pole pine (Pinus contorta) dominated land-
scape in west-central Montana, USA (Schmidt et al., 2002; Holsinger
et al., 2006).

2.2. The Factors

The effect of vegetation development on landscape dynamics
was represented by the Succession factor with two  treatments: (1)
a Static (S) landscape where fires are simulated but their effects do
not affect succession and vegetation/fuels do not develop over the

simulation period, and (2) Dynamic (D) succession where all fire
effects are simulated along with the development of vegetation
and associated fuels (Table 2). The Fire factor represents the
influence of wildland fire on landscape change and was  designed
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Table  2
The experimental design for this comparative model simulation study. Each of the six models simulated 10 replicates for each treatment in each of the four factors (240 runs
per  model). Also shown are the analysis variables using in statistics and graphing.

Simulation experimental design

Factors and treatments

Factors Treatments Symbol Description

Weather Entire E Full record of weather observations cycled for the full length of the succession cycle (SC)
Constant C Five typical or average weather years cycled for SC years

Climate Historical H Daily weather represents recent (last 50–100 years) historical climate conditions
Warm,  wet W A warmer (+3.6 ◦C), wetter (120% precipitation) climate
Warm,  dry D A warmer (+3.6 ◦C), drier (80% precipitation) climate

Succession Static S Landscape does not age, fire does not affect vegetation, and fire does not burn same area in 1 year
Dynamic D All successional dynamics are simulated

Fire  Fire F Historical or native fire regime
No  fire N No fires simulated

Analysis variables

Variable Units Description

AAB ha yr−1 Annual area burned simulated by each model; total area burned divided by the succession cycle
AVC  ha yr−1 Annual vegetation change by each model; total area experiencing vegetation change from succession divided by succession cycle
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VBR  Dimensionless Annual vegetation change (AVC) divided b

o quantify the importance of fire on landscape dynamics as it
nteracts with vegetation development. Here we implemented a
ull historical fire regime (Fire, F) as one treatment and then sim-
lated a “no fires” or fire exclusion treatment across the landscape
No fire,  N).

Factors that govern fire and vegetation dynamics were also
ncluded in the simulation design (Table 2). To study the effect
f weather and its inherent variability on vegetation–fire interac-
ions, we created the Weather factor that consists of two treatments
epresented by two separate streams of daily climate data. The
rst treatment is the actual weather data stream (Entire,  E), which

ncorporates all variability recorded at or near the landscape for
hich the model was originally developed and for which the model
as parameterized in this study (Table 1). The entire weather

tream was looped for the full simulation time span. The second
eather treatment (Constant, C) was created by selecting five of the
ear-median weather years in the weather record, then randomly
electing the order of these years and cycling these 5 years for
he entire simulation (Cary et al., 2006). These near-medium years
ad low variability because they were selected as the years with
he closest annual average daily temperature and annual average
aily precipitation to the annual mean temperature and precip-

tation for all years in the historical weather record (Cary et al.,
009).

The Climate factor was employed in this study to represent pro-
ected changes in future climate and its effect on vegetation–fire
ynamics. The same three climates that were used in Cary et al.
2006) were also used in this study. The first climate level is His-
orical (H) climate, represented by the weather stream (entire or
onstant) recorded for each models’ landscapes; there was a differ-
nt weather stream for each model (Table 1). The second climate
reatment is a warmer-Wetter (W) climate change scenario where
aily values from the historical climate were modified by adding
.6 ◦C (mid-range of projected global average temperature increase
f 1.4–5.8 ◦C) to maximum and minimum temperature each day,
nd by increasing daily rainfall amounts 20% by multiplying them
y 1.2 (IPCC, 2007). The warmer-Drier (D) climate treatment was

reated by adding 3.6 ◦C to daily minimum and maximum tem-
eratures similar to the warmer-wetter but the daily precipitation
alues were reduced by 20% by multiplying them by 0.8 (IPCC,
007).
al area burned (AAB) for each model

2.3. Simulation design

Each modeler was required to develop a vegetation classifi-
cation for 10 successional classes based on the range of their
modeled state variables. For example, 10 ordinal classes of fuel
loadings were created for FIRESCAPE-ACT because that model sim-
ulates succession as fuel accumulation (Table 1). In FireBGCv2,
simulated tree characteristics were classified to 10 lodgepole pine
structural stages based on the dominant tree species and mean
diameters. We  selected 10 classes because it best represented
the resolution of successional development across all models
(Table 1).

Two spatial data layers were created for input to all models.
They were raster layers of 1000 × 1000 square pixels (cells) with
each pixel having a side of 50 m giving the simulation landscape
extent of 2500 km2. The digital elevation model layer that repre-
sented topography was input as a flat landscape with an elevation of
1000 m MSL. We  decided not to include topography as an additional
factor because previous studies found that landform did not signif-
icantly influence simulated fire dynamics (Cary et al., 2006). The
second layer was  the initial vegetation succession stages that char-
acterized the structure and composition of the initial landscape.
We created 10 maps of 10 classes of succession (vegetation/fuels
stages) using a square design with a random ordering of 10 map
units with 100 ha patch sizes (Fig. 1) following a design used in
past studies (Cary et al., 2006, 2009). These layers were used as
replicates in our modeling effort. For initialization, each modeler
modified their model to assign the appropriate values to all state
variables for the 10 succession classes. LANDSUM, for example, sim-
ulated succession using a state-and-transition pathway approach
so pathways were built for lodgepole pine that contained 10 linked
succession classes.

The length of the simulation runs (years) was  specific to each
model so as to standardize all simulation results to one succession
cycle across all models (Table 1). Each modeler estimated the sim-
ulation time (years) it took for their model to reach the last stage
in successional development (class 10) in the absence of disturb-

ance beginning at the first stage. This simulation time span was
called the succession cycle (SC) and all model results were output
for three times during each simulation: (1) year one, (2) year that
is approximately half the succession cycle (SC/2), and (3) SC year.
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Fig. 1. Four of the 10 initial vegetation/fuel maps used to represent the initial landscape for all models. We  created 10 of these maps by randomly assigning 1–10 classes to
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ach  100 ha patch. These vegetation/fuel maps were used as replicates in the study

Several model output variables were used as response variables
or our analysis. Area burned (km2) and number of fires served as
epresentations of the fire dynamics and were summed across all
imulation years to each reporting time (years one, SC/2 and SC).
rea burned was also output by fire severity class – low, moder-
te, and high – using the criteria at the bottom of Table 1 for each
andscape. To describe successional dynamics, each modeler also

odified their model to output the number of pixels that changed
egetation stages through the simulation (progress through one of
he 10 vegetation/fuel categories), summed across the entire land-
cape and across all simulation years (vegetation change; km2). This
ount does not include area that changed vegetation type due to fire
ffects. Areas occupied by the 10 vegetation classes on the simu-
ated landscape were also output at each reporting time (year one,
C/2 and SC). It may  appear that the arbitrary selection of 10 veg-
tation classes may  influence the rate of successional replacement
more classes mean more vegetation change), but we assumed that
he number of classes was balanced by area and time in our simu-
ations (i.e., the same number of pixels change over the succession
ycle regardless of number of classes). In summary, each model
as used to simulate 10 replications of all combinations of the four

actors (240 simulations = 2 weather × 3 climate × 2 succession × 2
re × 10 replicates) with each replicate starting with a new vegeta-
ion map  on a flat landscape. A total of 26 variables were output for
ach of the three time periods (1, SC/2, SC). An equilibration period
i.e., “spin-up”) was not included because it added unwanted com-
lexity to an already complex simulation design (i.e., each model

equired a different length equilibration period and some models
ere not equilibrium models), it would deemphasize initial con-
itions across models, and it would increase time and resources
equired for the 240 simulations.
2.4. Analysis

Preliminary statistical analyses revealed that the number of fires
and area burned response variables were similar across most mod-
els so we  decided to report only area burned. We  then scaled all 26
response variables by simulation time to ensure consistent compar-
isons across all models. This involved dividing the cumulative area
burned (pixels) and the amount of vegetation change (pixels) each
by the number of simulation years (succession cycle) and multi-
plying by 0.25 (50 m × 50 m pixels = 2500 m2) to calculate two  new
statistics – annual area burned (AAB, km2 yr−1) and annual vegeta-
tion change (AVC, km2 yr−1). We  also created a ratio of vegetation
change (AVC) to annual area burned (AAB) called vegetation burn
ratio (VBR = AVC/AAB, dimensionless) to understand the relation-
ship between fire and vegetation.

We  then performed a full factorial multivariate ANOVA on the
simulated AAB, AVC, and VBR data across all models for all simula-
tions and investigated the effects of all factors, treatments, and their
interactions and reported only the proportion of explained variance
(R2) to be consistent with the other comparative modeling studies
(Cary et al., 2006, 2009). Unlike the Cary et al. (2006, 2009) studies,
we decided not to transform any of the response variables to natu-
ral log based on the results of an extensive analysis of the ANOVA
results that revealed most residuals were normally distributed for
all models and scenarios.

3. Results
The relative proportions of each succession class for the simula-
tion landscape predicted by each model for the middle (SC/2) and
ending (SC) simulation years for each climate scenario with and
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ig. 2. Charts showing the simulated proportion of the 10 successional communiti
cenario using the A) historical climate with fire, B) historical climate without fire, 

ith  fire, and E) warm-wet climate without fire. Each chart contains the even distr

ithout fire provide critical information for interpreting results
f the simulation experiment (Fig. 2). Fire tends to maintain a
ide diversity of succession classes on the landscape for all but

he FIRESCAPE-SWTAS model where simulated vegetation classes
ended to be dominated by late seral and early communities
Fig. 2a). In FIRESCAPE-SWTAS, frequent fire tends to create stable
uttongrass moorland communities (Fig. 2a), and as fire increases

n warmer, drier climates, there is a general increase in buttongrass
ommunities with a corresponding decrease in all but the oldest,
east flammable seral rainforest types. In warmer climates, fires
end to create more diverse community patterns in all but the Fire-
GCv2 climates where the increase in fire coupled with the warmer
limate has transitioned the landscape to shrub-herb communities
Fig. 2c and e). In general, successional vegetation/fuel type distri-
utions at the end of the simulations with fire differs for each model
eflecting the fundamental differences across models and the base
cosystems used to parameterize each models simulation.

Theoretically, in the absence of fire, the simulation landscape
hould be composed of only the latest seral community type (class
0) by the ending year for all models (Fig. 2b). However, some
odels (LANDSUM, FireBGCv2, LAMOS) still have mid-seral com-
unities probably because of inadequate parameterizations of the

uccession cycle (SC) and fire frequency (Table 1), and the difficulty
f describing the large state space of the model in 10 classes. Rates of
uccession without fire are surprisingly comparable across all mod-
ls as evidenced by mid- to end-SC successional class distributions
Fig. 2b), and the fact that the rates of successional advancement
eem to somewhat stable across the three climate scenarios (Fig. 2d
nd f), except for FireBGCv2 which predicts the entire landscape is
ot suitable for lodgepole pine under warmer climates and all other

arameterized conifers that might replace lodgepole pine have yet
o disperse propagules onto the landscape after 252 years.

The simulated annual area burned (AAB) statistics were some-
hat inconsistent (0.4–297 km2 yr−1) across all models with
halfway and at the end of the simulation for each model under the entire weather
rm,  wet climate with fire, D) warm, wet  climate without fire, E) warm, dry climate
n of the 10 successional communities at the start of the simulation.

the range lying between the two FIRESCAPE models: SWTAS
burned few lands (<51 km2 yr−1) while ACT had the most fire
(9–325 km2 yr−1) (Table 3; Fig. 3). Most landscape models simu-
lated a major increase in area burned as the climate became warmer
and drier (factor of 2–10 times), except for LANDSUM, which sim-
ulated only a 10% increase. Interestingly, both the variability and
the magnitude of AAB generally increased with increasing temper-
atures for all models (Fig. 3). The variability in AAB was the lowest
for Tasmania FIRESCAPE-SWTAS simulations (<0.005) and highest
for southeastern Australia FIRESCAPE-ACT simulations (1.6–35.7).
There was significantly less area burned (p < 0.05) when succession
was held constant for all models with percent decreases ranging
from 50 to 90%. And there was more area burned when the entire
(high variability) weather stream was  used, especially when suc-
cession was  dynamic, for all but FIRESCAPE-ACT and LANDSUM;
constant weather resulted in a decrease in AAB for FIRESCAPE-
SWTAS simulations with dynamic succession.

The annual change in vegetation from succession only (AVC)
also varied across most models ranging from 0.1 to 2081 km2 yr−1;
again the span simulated by the two FIRESCAPE models; SWTAS
vegetation change ranged from 0.1 to 3.3 and ACT results ranged
from 1125 to 2081 km2 yr−1 (Table 3; Fig. 4). These simulated
successional rates were significantly less (10–60% increase) when
the climate was  warmer and drier over the historical climates for
all models but FireBGCv2, which simulated an increase because it
is one of the only models to have a close link between climate and
vegetation growth. We  found there were few differences in simu-
lation results across models between constant and entire weather
scenarios, except again for FireBGCv2 which simulated twice the
succession rates under more variable climate (Fig. 4), but these rates

were comparable across both weather scenarios under the warmer,
drier climates when the landscape was converted to shrub-herb.
There were relatively little differences in AVC in fire and no fire
scenarios, except for both LAMOS-HS and FIRESCAPE-ACT that
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Table  3
Simulation results of the three annualized response variables for all scenarios (factors and treatments) for each landscape model (see Table 1 for definitions of each model
label)  across replicates with standard deviations shown in parenthesis. Note that only the Fire treatment is shown for AAB because all No Fire simulations were zero; only
the  Dynamic Succession treatment was shown for AVC because all Static Succession simulations were zero; and only the Fire and Dynamic Succession treatments are shown
for  VBR because all others were zero or infinite.

Factor and treatment Landscape succession fire model labels (see Table 1)

FBGC FS-ACT FS-SWT LHS LSUM

Annual area burned (AAB, km2 yr−1)
Dynamic succession, constant weather
Historical climate 11.9(1.0) 54.2(15.2) 0.4(0.0) 66.8(1.8) 27.6(0.5)
Warmer, wetter 20.7(1.3) 279.3(17.9) 11.4(0.3) 194.5(2.3) 27.7(0.4)
Warmer, drier 40.7(1.6) 297.0(13.4) 23.5(0.2) 196.3(3.4) 28.9(0.7)

Dynamic succession, entire weather
Historical climate 11.6(1.7) 44.9(5.9) 26.4(0.4) 84.5(1.8) 27.9(0.6)
Warmer, wetter 25.8(1.6) 217.0(11.1) 43.7(0.4) 227.2(2.7) 27.1(0.7)
Warmer, drier 36.2(1.3) 278.3(15.9) 51.4(0.3) 231.5(3.0) 28.4(0.8)

Static  succession, constant weather
Historical climate 10.7(1.1) 11.6(2.3) 1.0(0.0) 6.6(0.6) 7.6(0.2)
Warmer, wetter 23.8(1.9) 184.2(40.1) 1.5(0.0) 64.0(3.8) 7.6(0.2)
Warmer, drier 46.1(2.6) 325.4(35.7) 1.9(0.0) 65.3(4.0) 7.3(0.1)

Static  succession, entire weather
Historical climate 11.0(1.0) 9.0(1.6) 2.4(0.1) 8.4(0.5) 7.4(0.1)
Warmer, wetter 23.7(1.9) 89.2(18.2) 2.8(0.0) 94.5(4.7) 7.4(0.1)
Warmer, drier 34.1(2.8) 231.5(25.1) 3.6(0.0) 103.9(3.9) 7.2(0.1)

Annual vegetation change (AVC, km2 yr−1)
Fire, constant weather
Historical climate 44.5(0.3) 1278.9(31.3) 3.1(0.0) 89.9(1.6) 65.6(0.2)
Warmer, wetter 44.8(0.3) 2008.9(42.6) 1.6(0.0) 129.4(1.5) 65.8(0.4)
Warmer, drier 15.4(1.0) 2058.8(43.4) 0.6(0.0) 124.5(1.5) 66.4(0.5)

Fire,  entire weather
Historical climate 94.2(1.1) 1264.1(20.0) 0.6(0.0) 100.0(1.3) 65.1(0.3)
Warmer, wetter 63.1(1.6) 1899.0(24.2) 0.1(0.0) 131.5(2.2) 65.2(0.5)
Warmer, drier 15.8(1.1) 2081.1(41.4) 0.1(0.0) 128.8(1.5) 66.1(0.5)

No  fire, constant weather
Historical climate 44.6(0.3) 1125.0(0.0) 3.3(0.0) 62.4(0.1) 43.5(0.3)
Warmer, wetter 44.5(0.3) 1125.0(0.0) 3.3(0.0) 62.4(0.1) 43.5(0.3)
Warmer, drier 15.7(1.0) 1125.0(0.0) 3.3(0.0) 62.4(0.1) 43.5(0.3)

No  fire, entire weather
Historical climate 99.6(1.1) 1125.0(0.0) 3.3(0.0) 62.4(0.1) 43.5(0.3)
Warmer, wetter 63.5(2.0) 1125.0(0.0) 3.3(0.0) 62.4(0.1) 43.5(0.3)
Warmer, drier 16.3(0.9) 1125.0(0.0) 3.3(0.0) 62.4(0.1) 43.5(0.3)

Vegetation change area burned ratio (VBR, unitless)
Fire, dynamic succession, constant weather
Historical climate 4.0(0.4) 36.8(7.3) 9.3(0.9) 1.3(0.0) 2.4(0.0)
Warmer, wetter 2.3(0.2) 7.4(0.5) 0.1(0.0) 0.7(0.0) 2.4(0.0)
Warmer, drier 0.4(0.0) 7.1(0.3) <0.1(0.0) 0.6(0.0) 2.3(0.0)

Fire,  dynamic succession, entire weather
Historical climate 9.5(1.1) 34.0(5.4) <0.1(0.0) 1.2(0.0) 2.3(0.0)
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Warmer, wetter 2.5(0.2) 8.9(0.3) 

Warmer, drier 0.4(0.0) 7.7(0.4) 

imulated the same succession rates across all climate and weather
cenarios when fire was excluded. And, even though numbers for
VC were greater than AAB, the variabilities across simulations
ere much less (Fig. 3, Table 3 numbers in parentheses).

The ratio of vegetation change to area burned (VBR) provided
n important index to interpret landscape dynamics with values
elow 1.0 indicating more change from fire than succession while
umbers above 1.0 meant that succession is the more dominant
rocess (Table 3; Fig. 5). VBR values could only be calculated for
cenarios with fire and succession. In our comparative modeling
xperiment, the VBR was significantly different across all models.
or VBR values greater than one, FIRESCAPE-ACT had the highest
alues (7.1–36.8) while LANDSUM (∼2.3 for nearly all scenarios),

AMOS-HS (0.6–1.3), and FireBGCv2 (0.4–9.5) simulated smaller
alues, and FIRESCAPE-ACT had most values greater than one
7.1–36.8). Values for VBR were somewhat different between the
ntire and constant scenarios with increases for FireBGCv2 (50%),
<0.1(0.0) 0.6(0.0) 2.4(0.1)
<0.1(0.0) 0.6(0.0) 2.3(0.1)

decreases for FIRESCAPE-ACT (5%), and all other models about the
same. However, values were quite different across climate scenar-
ios with most models experiencing declines (1–100%) and most
values were below 1.0 with warmer climates; fire is a more domi-
nant process under warmer future climates.

The proportion of AAB that consisted of high severity fires also
varied greatly across models and scenarios (Fig. 6a). FIRESCAPE-
ACT, LAMOS-HS, and FireBGCv2 had less than 20% of AAB in
high severity fires regardless of succession (only the entire
weather scenario was  used in Fig. 6), while LANDSUM predicted
around 42% high severity fire and FIRESCAPE-SWTAS predicted
around 20% across all succession and climate scenarios (Fig. 6a).
High severity fires tended to decrease with warmer climates for

FIRESCAPE-SWTAS and LAMOS-HS, stay the same for FIRESCAPE-
ACT and LANDSUM, and increase in FireBGCv2 (80% high severity in
warmer drier climates). When succession was  held static (Fig. 6b),
FIRESCAPE-ACT and LAMOS-HS had less area burned but the same
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Fig. 3. Box and whisker plots of annual area burned (AAB, km2 yr−1) by succession (dynamics and static) and weather scenarios (constant and entire) for each model under
the  three climate scenarios (historical, warm-wet, warm-dry) for only simulations with fire: A) succession and constant weather, B) no successional development under
constant weather, C) succession under weather from the entire record, and D) no successional development under entire weather.
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Fig. 4. Box and whisker plots of annual vegetation change (AVC, km2 yr−1) by fire (no fire and fire) and weather scenarios (constant and entire) for each model under the three
climate  scenarios (historical, warm-wet, warm-dry) for only simulations with dynamic succession: A) fire and constant weather, B) no fire under constant weather, C) fire
under weather from the entire record, and D) no fire development under entire weather.
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uccession and fire.
roportion of high severity fires, LANDSUM stayed about the same,
IRESCAPE-SWTAS had less fire and less high severity fires, and
ireBGCv2 had more high severity fires (Fig. 6b). For AVC, the
roportion of high severity fire decreased from around 42% for
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ig. 6. The mean value across all replicates of the percent of high severity fires simulated b
rea  burned (AAB, km2 yr−1) under dynamic succession, B) annual area burned (AAB, km2

egetation burn ratio (VBR).
rios for A) constant and B) entire weather scenarios for simulations with dynamic
LANDSUM to 22% for FIRESCAPE-SWTAS, 15% for LAMOS-HS, and
<1% for FIRESCAPE-ACT, with little difference between climate sce-
narios (Fig. 6c). The same relationships held for vegetation burn
ratio (VBR, Fig. 6d).
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Table  4
Relative sums of squares attributed to different sources of variation (explained R2) from the ANOVA analysis for the four factors (weather, climate, fire, succession) for each
landscape model (FS-ACT, FBGC, LSUM, FS-SWT, and LHS, see Table 1 for definitions of each model label) across replicates.

Factor and interaction Landscape succession fire model labels (see Table 1)

FBGC FS-ACT FS-SWT LHS LSUM

Annual area burned (AAB)

Succession 0.00 0.04 0.09 0.28 0.98
Climate 0.79 0.65 0.28 0.41 0.00
Weather 0.00 0.03 0.42 0.00 0.00
Succession × Climate 0.01 0.03 0.01 0.03 0.00
Succession × Weather 0.01 0.00 0.01 0.00 0.00
Climate × Weather 0.03 0.01 0.16 0.01 0.00
Succession × Climate × Weather 0.00 0.00 0.01 0.01 0.00
Model 0.84 0.76 0.98 0.74 0.98

Annual vegetation change (AVC)

Fire 0.01 0.60 0.15 0.62 0.99
Climate 0.66 0.18 0.14 0.16 0.00
Weather 0.18 0.00 0.15 0.00 0.00
Fire  × Climate 0.00 0.18 0.14 0.16 0.00
Fire  × Weather 0.00 0.00 0.15 0.00 0.00
Climate × Weather 0.14 0.00 0.14 0.00 0.00
Fire  × Climate × Weather 0.00 0.00 0.14 0.00 0.00
Model 0.99 0.99 0.99 0.94 0.99

Vegetation: burned area burned ratio (VBR)

Climate 0.60 0.57 0.43 0.18 0.05
Weather 0.08 0.00 0.40 0.05 0.00
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Climate × Weather 0.14 0.
Model 0.82 0.

Results from the ANOVA analysis of the simulation experi-
ent show that all four factors (climate, weather, succession,

nd fire) may  drive landscape dynamics with explained vari-
nces (R2) ranging from 0.57 to 0.99 (Table 4). It appears that
limate is the overriding driver in fire dynamics (AAB) explain-
ng the majority of the variation for all but the LANDSUM model.

eather (R2 = 0.42) was more important than climate (R2 = 0.28)
nly for the FIRESCAPE-SWTAS model, and LAMOS-HS has suc-
ession (R2 = 0.28) as an important factor. LANDSUM burned area
s only related to succession because the climate is simplistically
inked only to fire and it is simplistic. As expected, climate drives
oth fire (AAB, R2 = 0.79) and succession (AVC, R2 = 0.66) for Fire-
GCv2 because all fire and vegetation dynamics are emergent
roperties from climate. In all other models, fire is more impor-
ant than climate for AVC (Table 4). LAMOS-HS, FireBGCv2, and
IRESCAPE-ACT had significant interactions between fire–climate
nd climate–weather (R2 ∼ 0.15). And last, climate is more impor-
ant than weather for VBR across all models but many show major
nteractions between the two.

. Discussion

It is evident from this comparative model simulation exper-
ment that wildland fire (AAB) and succession (AVC) are major
gents of landscape dynamics causing approximately 1–12%
hange per year. Their relative importance in landscape dynam-
cs ultimately depends on the ecosystem simulated, the climate
nput to the model, and the model used to simulate that ecosys-
em (Figs. 3 and 4). In general, we found succession caused more
andscape change than wildland fire with VBR values nearly always
reater than one, but, as climates warm, VBR values drop below zero
s more fire is simulated (Table 3). However, it is important to note

hat succession-mediated landscape change (AVC; Table 3) is more
ubtle than change from fire (AAB; Table 3); succession change is
rom one type to the next, whereas fire can cause major vegetational
hifts from late to early seral communities. While most models
0.15 0.11 0.02
0.98 0.34 0.07

simulated more land area altered by succession than fire by fac-
tors ranging from 1.2 to 34 (VBR) for historical climates with entire
weather, fire changed more area than succession in the Tasmania
simulations (FIRESCAPE-SWTAS) (Table 3). VBR values decreased
overall with increasing fires under warmer, drier climates in the
future (Fig. 5) with both FIRESCAPE-SWTAS and LAMOS-HS simu-
lating more landscape change from fire than succession. Landscapes
with high VBR values have less fire, slow succession, or both, while
landscapes with low VBR values have more fires, rapid succession,
or both. Contrary to other studies, we also found that the vari-
ability in weather was not a significant factor in predicting future
landscape dynamics under current and future climates.

4.1. Model comparison issues

Reasons for these large disparities in factors and treatments
across models stem from both differences in models and differ-
ences in the ecosystems that each model simulated (Table 1). The
Tasmania landscape simulated by FIRESCAPE-SWTAS was  com-
posed of stable community types with long transition times (high
SC; Table 1), such as buttongrass moorlands, that rarely changed,
as there was usually sufficient amounts of burning in these early
seral communities. The paradox is that these stable types were
created over millennia by frequent aboriginal burning (Jackson,
1968). The FIRESCAPE-SWTAS model simulated these stable
communities using a state-and-transition approach that resulted
in only 26 km2 yr−1 changed because of fire, but only 0.6 km2 yr−1

changed from succession (Table 3). In contrast, the FIRESCAPE-ACT
model simulated nearly 25 times more area changed by succession
(1264 km2 yr−1) over fire (45 km2 yr−1; Table 3), primarily because
succession is modeled in FIRESCAPE-ACT as fuel accumulation,
and the fuel accumulation curve is asymptotic with the maximum

reached in around 10 years. This means that with 10 succession
classes, there is a change roughly every year, so even though fire
has a high frequency (50 years fire return interval), rapid succes-
sion overwhelms the fire signal. In reality, the forested landscapes
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ig. 7. The relationship of the landscape fire rotation simulated by each model for
he three climate scenarios to the input succession cycle (SC). Note that the SC stays
onstant across all climate scenarios.

f the Australian Capital Territory are relatively stable (Vivian et al.,
008), thus the high VBR values obtained are more a reflection of
uccession being represented by quickly changing fuel loads in this
ncarnation of the model (Fig. 5).

The only model to simulate fire rotations that were greater
han the input succession cycle is FIRESCAPE-ACT (Fig. 7) and this
s probably because fuel loading was used to classify succession
tage. All other models had higher SCs than fire rotations and
heir ratios (SC/fire rotation) ranged from 1.7 (LAMOS-HS) to 45.2
FIRESCAPE-SWTAS) with differences mostly related to the individ-
al ecosystems simulated. Fire rotations decreased (fires became
ore frequent) as climate became warmer and drier for all mod-

ls (Fig. 7), but SC stayed constant because it was an input, so it
ould have been interesting to see how long it took landscapes to

ecome comprised of only the latest succession community under
he warmer climates, especially for those models that explicitly
imulate climate–vegetation interactions.

Model design also contributed to differences in simulation
esults. Parsimonious models, such as LANDSUM, predict succes-
ion twice as important as fire (Tables 1 and 3), but this relationship
tays the same across future climates and different weather vari-
bility because of overly generalized climate linkages to fire.
limate is linked to vegetation development for only the Fire-
GCv2 model (Fig. 2), where daily weather drives tree reproduction,
rowth, and mortality processes (Table 1; Keane et al., 2011), and
s a result, there is a dynamic interaction between climate, fire, and
egetation, as evidenced by the increased fire severity under future
res (Fig. 6). Fire regimes are emergent properties for all but the
ANDSUM model where fire return intervals are specified by bio-
hysical setting (Table 1). And conversely, vegetation development

s specified for the state-and-transition models of FIRESCAPE-
WTAS, FIRESCAPE-ACT, and LANDSUM, but an emergent property
f LAMOS-HS and FireBGCv2. Fire growth is simulated using
iverse approaches of cell percolation (FireBGCv2, LAMOS-HS), cell
utomata (LANDSUM), and time-dependent spread across neigh-
oring pixels (FIRESCAPE models) (Table 1), but we  feel that the
ethod of fire extinguishment or termination is more important

han fire spread because it dictates the amount of area burned.
ANDSUM grows the fire to a stochastically selected size based on
n input fire size probability distribution; FireBGCv2 has a simi-

ar method but adjusts the selected size to fire weather; and the
IRESCAPE models and LAMOS-HS simulate fire growth until the
re hits a fuelbreak (e.g., edge of simulation landscape, previously
urned area) or fuels are sufficiently moist.
lling 266 (2013) 172– 186 183

4.2. Fire–vegetation–climate–weather interactions

All models predict more area burned under future climates
(Table 3) and this increase interacts with vegetation development
to create significantly different landscapes (Fig. 2a, c, e), espe-
cially when compared to landscapes where fire has been excluded
(Fig. 2b, d, f). Warmer drier climates have 2–4 times more fire than
historical climates (Table 3), but fires in warmer climates are nearly
the same severity as historical fires (Fig. 6), except for FireBGCv2,
probably because as fire becomes more frequent it tends to limit
fuel accumulation by burning fuels and altering vegetation devel-
opment. Simulated climate interactions with fire and succession
tend to create landscapes with more early successional communi-
ties (Fig. 2).

We  found that differences between the two weather scenar-
ios (constant vs. entire) were not significant for most models
(Figs. 3–5). We  hypothesized that weather records with small vari-
ations (constant) would have less effect on fire and vegetation
change than weather streams containing full representations of his-
torical variations, but this was not always the case. This is probably
a result of the (1) coarse representation of weather in some simu-
lation models, (2) limited number of weather years in the weather
streams (i.e., small deviations across entire weather record), (3)
constant rainfall across all scenarios, and (4) few drought years.
Both FireBGCv2 and LANDSUM used the KBDI to simulate weather
and climate effects on fire ignition and spread, which incorporates
temperature (heat sum) and precipitation in an empirical index
that is sensitive to periods of drought. The two FIRESCAPE models
and LAMOS-HS have a more comprehensive simulation of climate
and fire dynamics. It could also be that the deviations from normal
in both weather streams resulted in the same fire dynamics even
though the magnitudes of these deviations were much greater for
the entire weather stream (Fig. 4), but the frequency and variations
stayed the same across climate scenarios because daily precipita-
tion were multiplied by factors.

4.3. Study limitations

Comparative modeling experiments are useful for describing
uncertainty and for understanding ecological interactions across
processes and scales (Cary et al., 2006, 2009). This study serves
to illustrate the strengths and weaknesses of each model as it is
applied to different ecosystems, landscapes, and initial conditions.
However, there are limitations in our experiment that may have
influenced our results. Each model is a reflection of the model devel-
oper, and each developer has their own  idea of how disturbance
and vegetation processes should be represented in their models.
FIRESCPE-ACT, for example, has a detailed fire spread algorithm but
a simplistic succession representation (fuel accumulation). Fire-
BGCv2, on the other hand, has a detailed, physiologically based
individual tree, vegetation dynamics simulation, but the fire spread
algorithm is a simple cell percolation model (Table 1). Both model
designs reflect compromises made by the model developers to cre-
ate a model useful for exploring landscape dynamics for a particular
ecosystem or for specific research objectives.

In this experiment, the use of succession cycle (SC) made it pos-
sible to standardize successional development across the disparate
ecosystems, and it was  estimated by each modeler before the simu-
lations. As a result, some modelers underestimated this parameter
(LANDSUM, FireBGCv2, LAMOS-HS; Table 1) and this could have
influenced some of our conclusions.

The simulation design may  also be somewhat flawed in that

we allowed each modeler to simulate the ecosystem for which
the model was developed rather than having all modelers simu-
late one ecosystem. It would have been difficult, if not impossible,
to quantify parameters across all models for a common ecosystem
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ecause of the diversity of processes simulated by each model. The
IRESCAPE models, for example, would have needed fuel accumu-
ation rates and FireBGCv2 would have needed an extensive set of
cophysiological parameters that probably would not have been
navailable for the selected ecosystem. As a result, our simulation
esults have an additional uncertainty that is related to differences
cross the ecosystems simulated rather than models used.

Another important limitation to this experiment is the selection
f 10 successional stages to quantify successional development. We
elected 10 successional classes as the best compromise to match
he resolution of successional development across all landscape

odels. However, a lower number of classes would probably have
educed AVC simulation values (Table 3), resulting in completely
ifferent results with fire more important to landscape dynamics.

t would have been difficult to standardize AVC values across the
C because vegetation development in most models isn’t linear;
ome models (FireBGCv2, LAMOS) simulate succession dynamics
s the complex interactions of vegetation and climate, while oth-
rs (FIRESCAPE) simulate fuel accumulation from climate. There
re few successional classifications that can be applied consistently
cross all ecosystems of the world and few standardized ways of
lassifying successional stages. Therefore, our results can only be
nterpreted in the context of 10 successional classes, and while the
bsolute values of AVC and VCR may  appear arbitrary, we  feel the
rends in these numbers are what are really important, especially
hose trends under warming climates.

. Conclusions

Our study supports the important role of wildland fire and veg-
tation succession in landscape dynamics. Landscapes of the world
re shifting mosaics of successional communities created or main-
ained by disturbance regimes through complex interactions and
eedbacks between fire, vegetation, fuel, and climate. While this
tudy employed a set of disparate models (simple to complex)
mplemented on diverse landscapes (eucalypts to buttongrass to
odgepole) under different three climates, the overall trends were
he same; fire and vegetation together change about 2–10% of the
andscape per year and this change is greater under warmer, drier
limates. Results from this study show the importance of interac-
ions and feedbacks of ecological processes in governing landscape
ynamics and ecosystem models must represent these interactions

n their design to realistically simulate future conditions. Simula-
ions with landscape fire succession models, such as we  have done
ere, provide a unique opportunity to examine these relationships
nd how they may  respond to changing climates.

We also conclude that there is no simple method of determining
hether disturbance or succession has more influence on land-

cape dynamics because landscape behavior is uniquely dependent
n disturbance history, biophysical context, and climate. Land-
capes with histories of frequent and widespread fires may  develop
nique communities that are incredibly stable and resistant to suc-
essional change, such as the Tasmanian landscape, while areas
ith longer fire return intervals may  have landscape change domi-
ated by successional processes, such as the Yellowstone landscape
Grime, 1979; Connell and Slayter, 1977; Turner and Dale, 1998).
nd, the biophysical characteristics of the landscape dictate the rate
t which communities develop and the characteristics of the fire
egime, and their interactions. Also, the rate of vegetation change is
omewhat dependent on the classification system used to describe
uccessional development; attributes that change rapidly and non-

niformly over time, such as fuelbed loadings (FIRESCAPE-ACT)
ill generate higher succession change rates than attributes that

hange uniformly and slowly, such as species composition (LAND-
UM, FireBGCv2) or age since disturbance (FIRESCAPE-SWTAS.
lling 266 (2013) 172– 186

Results from this comparative simulation experiment empha-
size the importance of including both succession and disturbance
into coarse-scale vegetation modeling. DGVMs should simulate
interactions of vegetation development with wildland fire to fully
account for all biophysical feedbacks in landscape dynamics that
govern future trajectories, and this is especially true if simula-
tions are of future climates. Representing vegetation on a pixel as
a constant PFT, for example, ignores the multiple pathways of suc-
cessional development under changing climate and fire regimes.
While the relative importance of fire and vegetation change appears
to vary across ecosystems and landscapes, both processes change
landscape composition and structure enough to significantly influ-
ence coarse-scale simulations. Moreover, the magnitudes of these
changes appear to be significantly amplified under future climate
warming. In summary, we  suggest that landscape to regional to
global simulations of vegetation–fire–climate dynamics include
both vegetation succession and wildland fire to accurately pre-
dict effects of future climates and fire management on vegetation.
Possible simulation approaches for integrating succession into
coarse-scale models include (1) developing seral plant functional
types (PFTs) that develop over time and in response to disturbance,
(2) explicitly simulating a vegetation-fuel attribute that relates to
fire and other disturbances, and (3) simulating the proportion of
each pixel that is represented by each succession class (e.g., seral
PFTs, fuel types).
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