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Abstract

Fire regimes are changing across the globe in response to complex interactions be-
tween climate, fuel, and fire across space and time. Despite these complex interac-
tions, research into predicting fire regime change is often unidimensional, typically
focusing on direct relationships between fire activity and climate, increasing the
chances of erroneous fire predictions that have ignored feedbacks with, for example,
fuel loads and availability. Here, we quantify the direct and indirect role of climate
on fire regime change in eucalypt dominated landscapes using a novel simulation ap-
proach that uses a landscape fire modelling framework to simulate fire regimes over
decades to centuries. We estimated the relative roles of climate-mediated changes as
both direct effects on fire weather and indirect effects on fuel load and structure in
a full factorial simulation experiment (present and future weather, present and future
fuel) that included six climate ensemble members. We applied this simulation frame-
work to predict changes in fire regimes across six temperate forested landscapes in
south-eastern Australia that encompass a broad continuum from climate-limited to
fuel-limited. Climate-mediated change in weather and fuel was predicted to inten-
sify fire regimes in all six landscapes by increasing wildfire extent and intensity and
decreasing fire interval, potentially led by an earlier start to the fire season. Future
weather was the dominant factor influencing changes in all the tested fire regime
attributes: area burnt, area burnt at high intensity, fire interval, high-intensity fire in-
terval, and season midpoint. However, effects of future fuel acted synergistically or
antagonistically with future weather depending on the landscape and the fire regime
attribute. Our results suggest that fire regimes are likely to shift across temperate
ecosystems in south-eastern Australia in coming decades, particularly in climate-
limited systems where there is the potential for a greater availability of fuels to burn

through increased aridity.
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McCOLL-GAUSDEN ET AL.

1 | INTRODUCTION

Fire regimes are changing across the globe. The number and ex-
tent of wildfires are increasing, as is the occurrence of extreme
fire behaviors (Duane et al., 2021). The 2019/2020 fire season
saw some of the largest fires on record in south-eastern Australia
(Boer et al., 2020; Filkov et al., 2020) and the western United States
(Higuera & Abatzoglou, 2021). Importantly, these changes have
not been restricted to a single season. Recent changes to fire re-
gimes have been linked to climatic factors such as warmer and ear-
lier springs (Westerling et al., 2006), warm dry summers (Morgan
et al.,, 2008), and increases in temperature and vapor pressure
deficit (Abatzoglou & Williams, 2016). Changes to the fire regime
include increasing wildfire activity in the western United States
(Westerling, 2016) with associated increases in the extent of high-
severity fire (Parks & Abatzoglou, 2020). There is evidence in Canada
that large fires (>200 ha) are getting larger, and fire seasons are get-
ting longer (Hanes et al., 2019). Studies in both France and Australia
show increases in the severity of fire weather (hot, dry conditions)
over the last 50years (Barbero et al., 2020; Clarke et al., 2013),
which has increased the likelihood of summers with extreme fire
danger in France (Barbero et al., 2020) and has been associated with
increases in area burned in forest bioregions of Australia (Bradstock
et al., 2014; Fairman et al., 2016). While fire is a natural phenomenon
in many of these parts of the world, changing fire regimes attribut-
able to human-caused climate change (Barbero et al., 2020) or other
anthropogenic factors (Cattau et al., 2020; Hagmann et al., 2021)
will increase fire-related risks to life and property through increased
exposure of assets (Moritz et al., 2014), and to biodiversity through
inappropriate fire regimes for some species (Harvey et al., 2016).
Four key conditions (otherwise known as fire ‘switches’) must be
met for fires to occur; there must be biomass (fuel), the fuel must be
available to burn (be sufficiently dry), the weather needs to meet con-
ditions for fire spread, and an ignition must occur (Bradstock, 2010;
Pausas & Keeley, 2021). Climatic change can influence fire regimes
through at least three of the four switches both directly, by affecting
fire weather and fuel moisture, and indirectly, by affecting fuel load
and structure. Severe fire weather is associated with high tempera-
tures, low humidity, and high wind speed. The current predictions
of future fire weather tend to show an increase in the magnitude of
fire weather in fire-prone regions throughout the world; however,
the degree of change varies between biomes (Clarke et al., 2013;
Pausas, 2004; Pitman et al., 2007; Suppiah et al., 2007). Changes to
fire weather also influence fuel moisture and hence the availability of
fuel to burn. Fuel can only ignite if it is dry enough to burn, therefore,
a drying climate will alter the broad-scale patterns of fuel moisture
and connectivity, changing the propensity for large fires to occur
across landscapes (Caccamo et al., 2012; Ellis et al., 2021; Nolan
et al., 2016). Megafires (>10,000ha in extent [Stephens et al., 2014])
in recent years have been strongly linked to drought that increase
fuel dryness and prime landscapes to burn (Abram et al., 2021;
Higuera & Abatzoglou, 2021; Nolan, Boer, et al., 2020). However,
fire, climate, and fuel processes are continually interacting and other

important controls of fire regimes, such as biotic feedbacks—that
could influence fuel accumulation and structure—are often ne-
glected in research that explores future fire regimes.

Climate change has the potential to influence both the composi-
tion and structure of vegetation communities (Albrich et al., 2020;
Harvey et al., 2016). Live and dead vegetation are the fuel in wild-
fires; hence, any changes to vegetation may alter fire occurrence
and behavior (Bradstock, 2010). Long-term climate and short-term
weather can interact to influence vegetation persistence, where, for
example, mature trees survive in a warming, drying climate but fail
to regenerate in the prevailing climate (Jackson et al., 2009; Parks
et al., 2016). These interactions can lead to trailing-edge disequilib-
rium, where the directional effects of climate do not immediately re-
sult in changes to vegetation that is dominated by long-lived species,
which can survive and persist despite not being capable of regen-
erating in a newly unsuitable climate (Sheth & Angert, 2018). On a
shorter timescale, a fire that kills mature individuals, combined with
inappropriate climate or weather for regeneration could increase
the rate of vegetation changes and potentially result in the loss of
some species. For example, desiccation in the post-fire environ-
ment markedly increased seedling mortality of multiple serotinous
shrubs in many Cape fynbos communities of South Africa (Mustart
et al., 2012). Multidecadal shifts in vapor pressure deficit, soil mois-
ture, and maximum surface temperature have also resulted in fewer
opportunities for postfire regeneration of low-elevation conifers
in the western United States (Davis et al., 2019). Similar instances
of multi-species regeneration failure could contribute to species
losses and ecosystem conversions that could alter both fuel load
(the amount of fuel in an ecosystem) and structure (how the fuel is
arranged vertically and horizontally) and therefore subsequent fire
behavior.

Climate mediated changes to fire regimes will vary depending on
the vegetation community (Abatzoglou & Williams, 2016). The type
and degree of change could differ depending on what constrains
fire in that community. Ecosystems can be fuel-limited—having in-
sufficient fuel biomass to burn most years, such as in xeric shrub-
lands or grasslands—or climate-limited—where cool, moist climatic
conditions mean that fuels are not available to burn in most years,
such as in tropical or some temperate ecosystems (Bradstock, 2010;
Krawchuk & Moritz, 2011). However, this is not a binary classifi-
cation with many ecosystems falling along a climate-limited fuel-
limited continuum (McKenzie & Littell, 2017). For example, tropical
savannas occur in regions with an annual wet season, allowing bio-
mass growth and fuel accumulation. This is followed by the annual
dry season, which often reduces fuel moistures to levels conducive
to fire spread (Bradstock, 2010). Fire occurrence in tropical savannas
is therefore not clearly limited by either fuel amount or fuel availabil-
ity. Systems might also move along the continuum as climate, fire,
and vegetation interact. Positive feedbacks between increased fire
occurrence linked to warmer and drier conditions have sometimes
led to, or are predicted to lead to, community-type conversions with
fire intolerant species replaced by fire tolerant species that are typi-
cally more flammable (Landesmann et al., 2021).
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The key attributes of the fire regime are often defined as fire
intensity, frequency, season of occurrence, size, and heterogene-
ity (Bond & Keeley, 2005; Gill, 1975; Gill & Allan, 2008) with the
combination of attributes producing the variation across different
ecosystems. Forest ecosystems of temperate Australia vary along
the fuel-limited and climate-limited continuum with higher-biomass
forests often sitting closer to the climate-limited end, and open
woodlands positioned towards the fuel-limited end. Higher-biomass
forests include the relatively restricted distributions of temperate
rainforests, which are rarely burned (>100years) due to high fuel
moisture (Murphy et al., 2013). Eucalypt-dominated closed and open
forests also sit closer towards the climate-limited end and are typi-
cally burned every 20-100years by high-intensity fires, often driven
by high fuel loads and preceding drought (Cawson et al., 2018;
Murphy et al., 2013). In comparison, eucalypt-dominated woodlands
and mallee are typically characterized by lower comparative fuel
loads and are burned by low- to mid-intensity litter or grass fires
every 20-100years (Montreal Process Implementation Group for
Australia & National Forest Inventory Steering Committee, 2018;
Murphy et al., 2013). Climate change could therefore influence fire
regimes within forest ecosystems of temperate Australia in a variety
of ways. In some areas, we are already seeing fire weather influencing
the likelihood of extreme forest fires (Abram et al., 2021). However,
the magnitude of change may not be spatially uniform, with smaller
increases predicted for the summer rainfall and more climate-limited
ecosystems, and greater increases for the winter rainfall and fuel-
limited ecosystems (Clarke et al., 2011). The contrasting fire regimes
and fuel-climate conditions in native vegetation will interact under
changing climate to influence the nature of future fire regimes, an
interaction that remains largely underexamined.

Understanding of potential shifts in fire regimes and underlying
mechanisms is needed to manage and conserve fire-prone ecosys-
tems under changing climates. To better assess the potential for
change, both short- and long-term processes, such as short-term
weather versus long-term climate, need to be captured along with
variation and uncertainty across landscapes. Deterministic models
often cannot capture this uncertainty, so approaches are required
that identify and account for sources of uncertainty. Forecasting fire
regimes is a challenging task due to the interacting nature of climate,
fuels, and fire, but one well suited to process-based simulation mod-
els due to their potential to explicitly capture complex interactions
as they vary in both space and time. Simulation models—predictive
models used for the purposes of exploration, scenario-building, pro-
jection, prediction, and forecasting (Loehman et al., 2020; Perera
et al., 2015)—are widely used to interpret fire behavior and predict
changes in vegetation and other ecosystem attributes (Andrews
et al., 2008; Finney, 1998; Tymstra et al., 2007). Fire models range
in complexity and scale from small-scale and detailed fluid-dynamics
models (Mcgrattan et al., 2013) to global models of fire occurrence
(Bond & Keeley, 2005). Landscape-scale models capture fire, climate,
and vegetation interactions at intermediate temporal (days to years
to decades) and spatial (10°-10%km?) scales relevant to environmen-
tal processes and most management decisions, and therefore, have

S i ey

the potential to increase our understanding of fire regimes (Keane
et al., 2015).

In this study, we use a landscape fire modelling framework to
simulate fire regimes over decades to centuries in six forested land-
scapes across temperate Australia. Our approach uses fire behavior
simulations combined with models of future fuel and climate projec-
tions to predict fire regimes and associated uncertainties under dif-
ferent scenarios to explore the independent and interacting effects
of predicted future fuels and future fire weather. Based on previ-
ous research in forest landscapes (Abatzoglou et al., 2021; Canadell
et al., 2021; Duane et al., 2021), we anticipate future fires will be-
come more extensive and of higher intensity, the fire interval will
reduce, and fire seasons will become longer, but that these changes
will vary according to if the ecosystem is more climate-limited or
more fuel-limited. We also anticipate that the direct influence of
climate change on fire weather will be the most important factor
influencing future fire regimes in temperate Australia, especially in
landscapes dominated by more climate-limited ecosystems, but that
the indirect effect of climatic change on fuel load and structure may

offset some of the fire regime shifts in all landscapes.

2 | MATERIALS AND METHODS
2.1 | Study area selection

The six study areas span the temperate region of south-eastern
Australia from the Adelaide Hills in the west to the Blue Mountains
in the north-east (Figure 1). Study areas vary between 5300km?
to 14,000km? to accommodate different arrangements of native
vegetation and historic fire patterns (Figure 1). Mean annual tem-
peratures and potential evapotranspiration (PET) are greatest in the
northern most areas (Adelaide Hills, Blue Mountains) and least in
the most elevated areas along the Great Dividing Range (Alpine and
ACT; Figure 1). The dominant rainfall season varies from east to west
with the most north-eastern study area dominated by summer or
uniform rainfall (Blue Mountains) and the most westerly dominated
by winter rainfall (Adelaide Hills). All of the study areas have more
than 10% native vegetation with a dominant eucalypt overstory
(Table S2). The vegetation generally varies from open forests and
woodlands in the most north (Blue Mountains) and westerly sites
(Adelaide Hills, Grampians) to tall eucalypt forests in the cooler and
wetter areas (Alpine, East Gippsland; Table S2). The six study areas
span a climate-limited fuel-limited continuum using net primary pro-
ductivity (Haverd et al., 2013) as an indication of potential fuel load,
and the fraction of time monthly PET exceeds precipitation (Boer
et al., 2016) as a representation of climate (Figure 2).

2.2 | Simulation modelling design

We modelled the effects of climate change on fuel hazard and
weather on the fire regime in each of the study areas. We consider
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FIGURE 1 (a)Study areas- order represents most fuel-limited to most climate limited: Adelaide hills (dark orange), Grampians (orange),
Blue Mountains (yellow), Australian Capital Territory (light blue), alpine (blue), East Gippsland (dark blue). (b) Native vegetation (light blue).
(c) Koppen classification: Temperate (dark orange), grassland (light orange), and desert (light blue). (d) Mean annual temperature (dark blue
to dark orange). (e) PET (dark blue to dark orange). (f) Seasonal rainfall zone: Summer dominant (dark orange), arid (light orange), summer
(yellow), uniform (pale blue), winter dominant (blue), and winter (dark blue). PET, potential evapotranspiration.

the impact of climate change in two separate pathways that are
tested independently and interactively. Fuel hazard is influenced by
changes to annualized values of climate such as mean annual tem-
perature (see below), whereas weather is influenced through the
predicted hourly values of variables such as temperature, humidity,
and wind. We acknowledge that while the base data for these values
are not truly independent, we wish to focus on the independent re-
sponses (i.e. fuel vs. weather). To examine fuel and weather effects

independently, our weather and fuel scenarios consist of present
weather and present fuel (Pw_Pf), present weather and future fuel
(Pw_Ff), future weather and present fuel (Fw_Pf), and future weather
and future fuel (Fw_Ff; Figure 3). The weather and fuel scenarios
were run with each of six climate models (see Section 2.7) giving 24
simulation scenarios for each study area. The landscape fire model-
ling framework ‘FROST’ (see below) was run for 120years in each
simulation scenario to simulate effects of the combined weather and
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FIGURE 2 Location of the six study
areas along a gradient of potential fuel

load (x axis) represented by net primary g
productivity (Haverd et al., 2013), and '-g
climate (y axis) represented by the fraction 'g_
of time monthly PET exceeds precipitation '8
(Boer et al., 2016). The red gradient g oY
represents those areas and ecosystems E @ 0.71
where fire regimes are more likely to be g g
fuel limited (e.g. shrublands or grasslands), é 2
whereas the blue gradient represents 2 o
those areas and ecosystems where fire s E
regimes are more likely to be climate o
limited (e.g. tall forests). PET, potential o E‘
evapotranspiration. E <
= o
® g06
=3
k) (0]
-
g Y
= 2
.2
=
|5}
©
—
L
0.5
B

<«—— More fuel limiting

fuel conditions on the fire regime. Each simulation scenario was rep-
licated 50 times to represent uncertainty in the fire simulations as
many conditions are probabilistic, such as the simulation start day
within the weather data (i.e. changes with every replicate), and the
ignition likelihood. The first 20years of each simulation represent
a ‘burn in’ period and were removed prior to analysis allowing the
regime tool to build a fire history appropriate for the conditions in
the simulation.

Outputs from FROST include local and landscape fire impacts.
Local impacts record values for each cell (180m cell, 3.24ha) in
any simulated fire. These values include fire intensity, flame
height, flame depth, ember density, convection, fire weather, and
rate of spread. Landscape-level impacts include data relating to
the start and end time of each individual fire and the burnt area
within a given period.

2.3 | Fireregime simulator

We simulated fire regimes over 120years using the landscape
fire modelling framework ‘FROST’ (Fire Regime and Operations
Simulation Tool). FROST uses a framework of “modules” to combine
fire behavior simulation with Bayesian network (BN) models to cap-
ture and account for uncertainty in the modelled systems (Penman
et al., 2015). The central framework is made up of a weather module,
ignition module, and fuel module, all of which inform a fire event
simulator, PHOENIX RapidFire (Tolhurst et al., 2008) (Figure 3).

5215
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2.3.1 | Weather module

The weather module uses daily weather to determine the daily
number of ignitions, and hourly weather to simulate fire behavior
when ignitions occur. Weather data for this project were from the
‘NARCIiM’ project (NSW and ACT Regional Climate modelling; see
Section 2.4) (Evans et al., 2014).

2.3.2 | Ignition module

The ignition module calculates ignition probability using weather,
proximity to roads, and house density as inputs to a BN (Clarke,
Gibson, et al., 2019). The ignition module then predicts the number
and time of ignitions for each day across the simulation area using
a second BN based on historical ignitions. Across the 24 scenarios,
the proximity to roads and housing density is static and does not ac-

count for changes over time.

2.3.3 | Fuel module

The fuel module predicts hazard ratings of fine fuels (<6 mm thick
dead and <3mm thick live plant material) in each of the four strata
relevant to native ecosystems of temperate Australia (surface, near-
surface, elevated, and bark) using separate models for native fuels,
and non-native fuels (predominantly agricultural land in our study
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areas). Surface fuels are defined as leaves, twigs, bark and other
fine fuel lying on the ground (Hines et al., 2010). Near-surface fuels
are connected to the ground but not lying on it and less than 1 m in
height, that is grasses (Hines et al., 2010). Elevated fuels are gener-
ally upright in orientation, are between 1 and 5m tall and are physi-
cally separated from the surface fuels (Hines et al., 2010). Bark fuels
are the bark attached to tree stems and branches at all heights from
the ground to canopy (Hines et al., 2010). Fuel hazard ratings are
measured in the field using visual assessments of the horizontal and
vertical continuity of fine fuel in each fuel strata that would burn in
the flaming front of a fire (McColl-Gausden et al., 2020). The fuel
predictions focus on fine fuel as they contribute the most to rate of
spread and flame height (Hines et al., 2010).

Predictions of native fuel hazard ratings by strata were made
using the empirical models of McColl-Gausden et al. (2020), which
are random forest models developed from tens of thousands of fuel

hazard assessments across south-eastern Australia. These models
predict fuel hazard as a function of seven predictor variables: three
climate, three soil, and time since fire in years (Table S1). These seven
predictors allowed us to model variations in future fuel hazard di-
rectly from biophysical data without the need to model potential
changes in the distribution or composition of vegetation classes.
Climate variables used in predictions of present native fuel hazard
were three bioclimatic variables from WorldClim (Busby, 1991):
annual mean temperature (biol), max temperature of the warmest
month (bio 5), and precipitation of the warmest quarter (bio 18). The
same three bioclimatic variables were used for the predictions of
future native fuels except the values were derived from each of the
future climate models (see Section 2.4). Soil variables were from the
Soil and Landscape Grid of Australia (Viscarra Rossel et al., 2015),
which vary spatially but were held constant over time, that is, be-
tween present and future simulation scenarios, based on a lack of
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quantitative evidence of soil changes with fire and climate. Time
since fire was dynamically calculated when fires occurred in a simu-
lation to account for fire feedbacks on fuel within both present and
future simulations. If no fires occurred within a simulation year in
a simulation cell, time since fire was advanced by 1year. Average
native fuel hazard for each fuel strata over a time series of time
since fire is presented in the Supplementary Data (Figures S1-S4).
The exponential fuel model was used for non-native fuels where
fuel hazard accumulation was modelled for each strata within each
vegetation type using Olson curves (Olson, 1963) based on time
since fire, where time since fire was also dynamically calculated on
a per fire or yearly basis (Cirulis et al., 2020; Penman et al., 2013)
(Table S1). All predicted hazard ratings of native and non-native
fuels per strata were subsequently converted into fuel loads (as per
equations in Table S1) to be used within the fire event simulator,
PHOENIX RapidFire (Tolhurst et al., 2008).

On a single simulation day, the ignition module predicts the
number and timing of likely ignitions based on the two BNs. If the
ignitions are predicted to spread, the fire event simulator is initi-
ated with hourly weather with all fires growing and spreading from
individual ignition locations concurrently so fires can interact with
each other. Fuel consumption is calculated at the end of each day
and fuels are grown at the end of the fire season based on the fuel
accumulation models in the fuel module. Fires are simulated at a res-
olution of 180m as recommended by Chong et al. (2013). While finer
resolution (e.g. 90m) simulations may be able to capture fine detail at
site-level studies, in our case the benefits do not outweigh the large
increase in processing time that would be required for landscape-
scale studies (Chong et al., 2013).

2.4 | Climate model selection

All weather and climate data used in this study come from the
NARCIiM project (Evans et al., 2014). The NARCIiM project provides
dynamically downscaled climate projections for south-east Australia
at a 10-km resolution. The data include hourly surface air tempera-
ture, surface specific humidity, near-surface wind speed and direc-
tion, surface wind speed, and surface pressure, which are required
for fire simulations and are referred to as weather in this study. The
data also included standard annual bioclimatic variables [BIOCLIM
(Busby, 1991)], which are referred to as climate in this study. NARCIiM
uses the SRES A2 emissions scenario (IPCC, 2007), which projects
a warming of the planet by approximately 3.4°C by 2100 and is
comparable to the subsequent scenario RCP8.5 (Moss et al., 2010).
The NARCIiM project includes four equally plausible global climate
models (GCMs) selected for their skill, independence, and capacity
to span a range of alternate climate scenarios (Evans et al., 2014).
Global climate models have cell grids that can be hundreds of kilo-
meters wide and are not useful for projecting regional differences.
Thus, three regional climate models (RCMs) are used to downscale
the four GCMs to a grid size of 10 km, which better represents fea-
tures important for local and regional weather and fire behavior such

S i ey

as topography and coastlines. The resulting 12-member NARCIiM
ensemble has been extensively evaluated and used by managers and
policymakers (Clarke, Tran, et al., 2019; Di Luca et al., 2016; Evans
et al., 2017; Fita et al., 2017; Olson et al., 2016). For this study, we
selected two of the four GCMs—ECHAMS5 and CSIRO Mk3—and all
three associated RCMs for each GCM, resulting in a 6-member cli-
mate ensemble. Selection of these six climate projections was based
on their skill in simulating observed mean and extreme fire weather
conditions in south-eastern Australia as represented by Forest Fire
Danger Index (FFDI; Clarke & Evans, 2019). FFDI has strong correla-
tions with the burned area and frequency of forest fires (Canadell
etal., 2021). The selected ensemble members are on the drier end of
the spectrum and have larger increases in fire danger compared to
the omitted ones meaning our selection can be viewed as the worst-
case scenarios, which allows the exploration of fire behavior limits
in temperate Australia. However, none of the 12 NARCIiM ensemble
members project substantial decreasesin fire danger (Clarke & Evans,
2019). The climate projections contain two epochs of data: 1990-
2009 (present) and 2060-2079 (future). Because the NARCIiM data
contain 20years of climate time series data for each epoch, these
data were looped six times to cover the 120-year simulation period.
Across the six study areas and six climate projections, precipitation
is projected to change between present and future conditions by
between +18% in the Blue Mountains to -18% in the Adelaide Hills.
Mean temperature is projected to increase by between 1.2°C in the

Grampians to 2.5°C in the Blue Mountains (Figure S5).

2.5 | Data analysis
2.5.1 | Fireregime attributes

We used five fire regime attributes in our analysis: (i) annual area
burnt, (ii) annual area burnt at high intensity, (iii) fire interval, (iv)
fire interval of high-intensity fires, and (v) season midpoint. The at-
tributes relate only to native vegetation, that is all other cell types
are masked out of the analysis, except for season midpoint which
incorporates all cells. These represent key components of the fire
regime—namely, fire frequency, intensity, seasonality, and extent
(Gill, 1975; Gill & Allan, 2008; Pausas & Keeley, 2009)—and are impor-
tant determinants of ecosystem processes in fire-adapted systems
(Steel et al., 2021). Annual area burnt per scenario was calculated as
the area burnt per year (each an average of 50 replicates) averaged
over the 100-year simulation analysis period. Annual area burnt at
high intensity was calculated in the same way but only included
cells that were burnt at intensities greater than 10,000kW/m. Fire
interval was defined as the mean fire interval across the 100-year
simulation analysis period (only cells burnt at an intensity greater
than 10,000kW/m for high-intensity inter-fire interval). The wildfire
season in FROST is a fixed period between 15th November and the
15th March (i.e. the last month of spring to the first month of autumn
based on historical fire seasons in temperate Australia); therefore,
to calculate season midpoint, we used the number of days from the
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start of the wildfire season to when 50% of the total area burnt in

that season was reached.

2.5.2 | Statistical analysis

To assess the independent and interactive effects of weather and
fuel on each of the fire regime attributes, we used linear mixed
models (LMMs) in the Ime4 package (Bates et al., 2015) in R version
3.4.0.2 (R Core Team, 2020). Climate model was included as a ran-
dom effect in all LMMs. The fuel epoch (present or future) and the
weather epoch (present or future) were considered as fixed effects.
To assess LMM assumptions, we used residual diagnostic tests using
the DHARMa package (Hartig, 2020). Annual area burnt and annual
area burnt at high intensity were log transformed to meet LMM as-
sumptions. We calculated marginal (R?m) and conditional (R%c) coef-
ficients of determination to summarise the explanatory power of the
models for each of the six study areas using the MuMIn package
(Barton, 2009) in R. We explored the relationship between fuel and
weather epoch and each fire regime attribute by considering size
and uncertainty (95% confidence intervals) of standardized model

coefficients.

3 | RESULTS
3.1 | Fireregime predictions

Fire regimes were predicted to shift under future weather and fu-
ture fuel conditions. However, the different fuel and weather sce-
narios influenced these shifts. Compared with current predictions
(Pw_Pf), future weather consistently increased annual area burnt
and annual area burnt at high intensity both with and without fu-
ture fuels (Fw_Ff and Fw_Pf respectively; Figure 4a,b). In addition,
these weather effects were stronger in more climate-limited study
areas (Figure 5a,b). Consistent with increased fire extent, the inter-
vals between fires, including fires of high intensity, were decreased
in all landscapes under future weather both with and without fu-
ture fuels (Fw_Ff and Fw_Pf respectively; Figure 4c,d), although this
effect was strongest in those study areas towards the middle of
the fuel-climate continuum (Grampians, Blue Mountains and ACT,
Figure 5c,d). Season midpoint was consistently earlier across all
study areas under future weather scenarios (with and without future
fuels [Fw_Ff and Fw_Pf respectively]; Figures 4e and 5e).

Effects of future fuels alone (Pw_Ff) on fire regime attributes
were comparatively smaller than future weather (Figures 4 and 5),
with the exception of the interval between fires, including fires of
high intensity where future fuels contributed to increased fire in-
tervals, with the effect most pronounced in fuel-limited systems
(Grampians and Adelaide Hills; Figure 5c,d).

The six RCMs produced a wide range of fire regime predictions,
but there were some distinct patterns. The RCMs derived from the
CSIRO GCM predicted a warmer and drier future across all study

areas, in comparison to the ECHAM group of RCMs, which pre-
dicted an even hotter future with limited change to precipitation
(Figure S5). The associated impact on the predicted fire regime was
that the warmer drier CSIRO climate models typically predicted
lower areas burnt, and longer fire intervals compared to predictions
derived from the ECHAM models (Figures S6-510).

3.2 | Therole of weather versus fuel

Analysis of the independent and interactive effects of future
weather and future fuel indicated consistent effects of weather in
all study areas and more variable effects of fuel. Annual area burnt
increased, fire intervals decreased, and season midpoints were ear-
lier under predictions of future weather (Figure 6; see Table S3 for
marginal and conditional R? values).

The role of future fuel was more variable. Area burnt (both an-
nual area burnt and annual area burnt at high intensity) increased
under predicted future fuels for the most fuel-limited system
(Figure 6). However, the same areas are not always burnt each
year, as expressed by the spatial variability in the number of fires
across the landscapes (Adelaide hills; Figure S11). For the remaining
study areas, the result was more variable and the effect size smaller
(Figure 6).

At the two ends of the climate-limited fuel-limited continuum,
Adelaide Hills and the Grampians, and East Gippsland, future fuels
increased the intervals between fires (Figure 6). There is consider-
able spatial variation depending on the location within a study area.
For example, Adelaide hills under present weather and future fuel
predicted average fire intervals of between zero years, that is, mul-
tiple fires in 1year, and 99 years, that is, the maximum fire interval
in the simulation (Figure 512). In the middle of the continuum, there
was either no clear effect of fuel (Blue Mountains) or future fuels
decreased intervals (Alpine and ACT; Figure 6). Future fuels had little
effect on fire-season midpoint (Figure 6).

Interactive effects of weather and fuel on fire regime attributes
were often only significant at the ends of the climate-limited fuel-
limited continuum (Figure 6). The interaction was negative for the
most fuel-limited system, Adelaide hills, tempering the increase in area
burnt under a combination of both future weather and future fuel, and
positive in the most climate-limited system, East Gippsland, increasing
the area burnt under the same combination. For fire intervals, only
study areas at the more fuel-limited end (Adelaide Hills, Grampians)
were predicted to have a negative climate-fuel interaction, reducing
the effect of future weather on fire intervals. Interactive effects of
weather and fuel on the fire-season midpoint were more variable but
consistently minor in all study areas (Figure 6).

4 | DISCUSSION

Shifts in fire regimes in forest landscapes are unlikely to be uniform
across temperate Australia. Future weather and fuel will increase
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wildfire extent and intensity, decrease fire interval, and change as-
pects of the fire season across temperate south-eastern Australia.
Future weather had the largest effect, with future fuel acting syner-
gistically or antagonistically with future weather depending on the
study area and fire regime attribute of interest. Future weather ef-
fects were stronger in climate-limited study areas, and the effects of

future fuel were stronger in more fuel-limited study areas.

4.1 | Future changes in fire regimes greater in
climate-limited systems

Predicted area burnt was greater and fire intervals shorter in
fuel-limited areas compared to climate-limited areas. This is
consistent with current patterns of fire in temperate Australia

with drier eucalypt woodlands and forests (more fuel-limited)
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typically being burnt by low-moderate intensity fires every
5-20years, compared with tall wet eucalypt forests (more
climate-limited), which are typically burnt by high-intensity
fire every 20-100years (Murphy et al., 2013). However, the
relative changes in fire regime attributes from current to fu-

ture predictions were generally higher for climate-limited

Blackman, et al., 2020).

study areas, particularly for area burnt. These results suggest
climate-limited systems have potentially more environmental
space for their fire regimes to shift, with comparatively abun-
dant fuels that could increase in flammability through increased
aridity (Abatzoglou et al., 2021; Kennedy et al., 2021; Nolan,
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4.2 | Weather had the greatest influence on
changes to future fire regimes

Averaged across all climate models, our simulations indicate that
future weather rather than future fuels will have greater overall ef-
fects on future fire regime attributes. Projecting future fire regimes
via predicted direct effects of future climate on fire weather and
fuel moisture is a relatively common approach (Balshi et al., 2009;
Liu et al., 2010; Nitschke & Innes, 2008; Westerling et al., 2011),
and matches the future weather, present fuel (Fw_Pf) scenarios
tested in our study. However, while fuel limitations appear to only
modestly reduce the projected area burnt at subcontinental scales
(Abatzoglou et al., 2021), this may not be the case at all scales and
was not seen universally in this study.

There is increasing evidence that contemporary fire-climate re-
lationships may not hold into the future as we move towards the
potential for new interactions without historical analogues. One
of the biggest limitations in predicting future fire regimes is uncer-
tainty about the degree to which fuel may interact with both fires
and climate. The influence of fuel (the indirect influence of climate

combined with time since fire) had contrasting or interacting ef-
fects. In climate-limited areas increases in fire weather and igni-
tion likelihood under the warmer and potentially drier conditions
are likely to increase area burnt and decrease inter-fire interval
due to the increased availability of fuel and occurrence of weather
conducive to fire spread. In fuel-limited areas there may be a more
variable response depending on the ecosystem, with the structure
and flammability of fuel often as important as the amount of fuel
(Landesmann et al., 2021). Future climates are predicted to reduce
productivity and therefore burnable biomass (Stegen et al., 2011,
Zhao & Running, 2010) and these changes may reduce or counteract

the direction of changes to the fire regime in all ecosystems.

4.3 | Implications for human and natural values

As increasing wildfire events are correlated with lives lost and
house loss (Filkov et al., 2020), the predictions of more fire in
all study areas suggests that human lives and assets in temper-
ate Australia will be increasingly exposed to fire under future
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climate. While not all fire has negative outcomes for people or
the environment (Kolden, 2020), a number of our study areas
contain major population centers with complex wildland urban
interfaces, making fire management challenging. Prescribed burn-
ing is generally used in these areas with an objective of reducing
fire risks to people, property, and infrastructure (Penman, Collins,
et al., 2020). However, the planned burning treatments have vari-
able efficacy in reducing fire risks and can lead to more fire in the
landscape (Cirulis et al., 2020; King et al., 2006; Penman, Clarke,
et al., 2020; Price et al., 2015). While our modelling framework fo-
cuses on decades long fire regimes, rather than single fire events,
evidence from multiple sources points toward more extreme
wildfire events in temperate Australia (Duane et al., 2021). The
2019/2020 fire season in south-eastern Australia impacted nearly
all of our study's landscapes. This one fire season saw a total of
18,983,588 ha burned, 3113 houses destroyed, and 33 lives lost
in 15,344 bushfires (Filkov et al., 2020). Smoke from the bushfires
is estimated to be responsible for 417 deaths and thousands of
hospitalisations (Borchers Arriagada et al., 2020). Increases in fire
regimes as predicted here are likely to have significant implica-
tions on people, property, and economic assets.

Predictions of shiftsin key fire regime attributes raise several con-
cerns for biodiversity. Fire itself is not problematic for many species
in fire-prone ecosystems, however shifts in the fire regime may leave
species unable to sustain viable populations (Enright et al., 2015).
Fire interval is a key concern for many plant species, with both obli-
gate seeders (species that rely on seed production for regeneration)
and resprouters (species that can resprout from buds arising from
the stem, branches, or roots) requiring adequate time to restore re-
generative capacity before the next fire (Fairman et al., 2019; Turner
et al., 2019). However, if we assume that resprouting eucalypt spe-
cies are more resilient to repeat fires (Collins, 2020), there may be
different impacts on eucalypt forest structure and composition
depending on their dominance by obligate seeders or resprouters.
For example, obligate seeder forests are generally located on wet-
ter, more productive sites, such as those ecosystems at the more
climate-limited end of the continuum (Fairman et al., 2016; Vivian
et al., 2008). In our study, mean fire interval consistently decreased
across all of the study areas. Therefore, the climate-limited systems
in our study could be more exposed to potential shifts in species
composition due to the higher abundance of obligate seeding species
(McColl-Gausden et al., 2022). There are also indications of changes
to fire seasonality in our study, with shifts towards an earlier start of
up to 10days in the most fuel-limited study area. Changes to season
midpoint suggest seasonality shifts that could potentially influence
multiple mechanisms involved in plant persistence like propagule
availability and seedling establishment (Miller et al., 2019). Much re-
mains unknown about how changed fire timing and frequency will
interact with changes in plant phenological events. Moving forward,
conservation emphasis could be placed on species or communities
that are already near the edge of their fire regime niche and at risk
of extinction (Bowman et al., 2014; Coop et al., 2020; Ratajczak

et al., 2014). Or we could focus on maintaining overall forest or eco-
system resilience to reduce overall impacts if predicted changes to
disturbance regimes eventuate (Ingrisch & Bahn, 2018; Johnstone
etal., 2016; Keane et al., 2018).

4.4 | Limitations

Our simulation approach is based on a number of assumptions, in-
cluding that the relationships between fuel variables with climate
and time since fire will hold under a changing climate. This is a com-
mon assumption in many climate change models, including those that
track changes in habitat (Thomas et al., 2004; Thuiller et al., 2006)
and fire activity (Archibald et al., 2013; Batllori et al., 2013; Krawchuk
et al., 2009; Young et al., 2017). Nonetheless, relationships among
fuel, climate, and fire may shift under changing climates, leading to
novel interactions (Keeley & Syphard, 2016). Management actions
such as active fire suppression and prescribed burning can also in-
fluence fuel-climate-fire relationships (Parks et al., 2015), as can
exotic invasive species that lead to novel ecosystems (Setterfield
et al., 2010; Taylor et al., 2017). While management actions were
not accounted for in the scenarios, our study suggests the more
fuel-limited study areas have greater scope to mitigate fire impacts
through fuel manipulations. This could be of particular importance
around wildland urban interfaces where the majority of fire impacts
on human values occur. However, the stronger influence of future
weather in the climate-limited study areas suggest reduced opportu-
nity for mitigation actions through fuel manipulations alone.

The only anthropogenic factor we considered in this study was
the effect of climate change on future fire regimes. Other anthro-
pogenic factors such as population growth from urban centers may
increase wildland urban interfaces, therefore exposing more people
and property to risk from wildfires. Population growth may also in-
crease fragmentation of vegetation and shift ignition distributions
(Pausas & Keeley, 2021). However, increasing ignition rates are un-
likely to change the likelihood of large fires (Clarke et al., 2020) as
fires in our study areas are rarely limited by ignitions, that is, the ig-
nition ‘switch’ is nearly always activated (Bradstock, 2010). Changes
to fuel profiles resulting from shifts in vegetation through land-use
change associated with population growth are possible. However,
large portions of our study areas are protected areas of native vege-
tation that are likely to remain so over the 100-year time horizon of
our modelling simulations.

The role of fire feedbacks leading to shifts in species and poten-
tially whole ecosystems was also not examined in our study. Changes
to the fire regime combined with direct effects of climate change
on species demography such as growth rates and reproduction, can
interact to change species population viability (Enright et al., 2015)
and thus fuel profiles. Our future research will involve the combined
threats of climate and fire regimes shifts on individual species and
key functional types by combining our fire regime approach with

spatially explicit population viability analysis.
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4.5 | Conclusion

Fire activity is predicted to intensify across forested ecosystems
from fuel-limited to climate-limited systems. The magnitude of
change is highest in the climate-limited areas, which have histori-
cally been responsible for fires resulting in the greatest human
and environmental impacts (Filkov et al., 2020). These patterns
are likely to play out in other forested systems globally and re-
cent extreme fire seasons around the globe strongly support this
(Duane et al., 2021). Land managers are unlikely to have the ca-
pacity to offset all the predicted changes in fire regimes through
fuel manipulations and suppression. We may therefore be forced
to accept that intensification of fire regimes in multiple landscapes
may be inevitable if climate projections eventuate and therefore
plan to reduce associated impacts on multiple assets when and if

possible.
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