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Abstract

Shortening fire-return intervals are pushing fire-tolerant ecosystems in temperate Australia beyond their ecological limits, producing alternative
vegetation states with markedly different composition and structure. While the structural effects of these regime shifts on fire-tolerant eucalypt forests
are increasingly documented, their consequences for flammability remain largely untested. We compared fuel structure and load, surface fuel
flammability, and modelled point-based fire behaviour between areas retaining a Eucalyptus overstorey under typical fire regimes (reference state) and
alternative states in fire-tolerant native forests of southeastern Australia. Fuel hazard was visually assessed using an established field protocol, and
surface fuels were sampled for laboratory flammability testing. Point-based fire behaviour was modelled using Vesta Mk2 across five weather
scenarios spanning prescribed-burn to extreme wildfire conditions. Fuel hazard scores were significantly higher for surface and elevated strata in
alternative states, but higher for near-surface and bark strata in reference states. However, laboratory flammability tests showed that surface fuels
from alternative states were less ignitable, combustible, and consumable than those from reference states. Modelled fire behaviour showed
consistently taller flames in alternative states across all weather scenarios, though rate of spread was greater only under the most extreme conditions.
Spotting distances were consistently higher in reference states. These results show that alternative-state eucalypt forests produce a distinct fire
behaviour signature: lower surface fuel flammability, greater flame height, but reduced spotting potential. The landscape-scale implications of this
altered fire behaviour for subsequent fire regimes and the persistence of alternative states warrant further investigation.

Introduction

Fire shapes vegetation communities, but vegetation in turn shapes fire through its influence on fuel structure, flammability, and fire behaviour (Knox &
Clarke, 2012; Loudermilk et al., 2022; Pausas & Bond, 2020). In fire-prone ecosystems, this relationship can lead to positive feedbacks, whereby
changes in vegetation structure following disturbance alter fuel characteristics in ways that modify subsequent fire behaviour, favouring the
persistence of altered states (Tepley et al., 2018; Tiribelli et al., 2018). As fire regimes intensify across the world (Bowman et al., 2020; Collins et al.,
2021), the likelihood of disturbance-driven vegetation transitions that generate such feedbacks is increasing. However, greater empirical evidence is
needed to understand how these transitions shape fuel and fire behaviour (Cawson et al., 2018; Gordon et al., 2024; Tiribelli et al., 2018). This is
particularly true in southeastern Australia, where shortened fire-return intervals have driven transitions in Eucalyptus-dominated forests that may
fundamentally alter point and landscape-scale fire dynamics.

Changing fire regimes have the potential to push plant species beyond their fire regime niche (Fairman et al., 2019; McColl-Gausden et al., 2021; Nolan
et al,, 2021). The fire regime describes patterns of fire frequency, severity, and seasonality (Krebs et al., 2010; Plumanns-Pouton et al., 2025). Because
fire is a key mechanism facilitating recruitment in many Australian vegetation communities, plants have evolved a range of fire-adapted traits. These
include facultative resprouting, obligate seeding, fire-triggered germination cues, and fire-stimulated flowering (Gill, 1975; Whelan, 1995). These traits
typically support the regeneration of an ecosystem towards an assemblage that resembles the pre-fire species composition (Whitman et al., 2022).
However, fire regimes are changing (Bowman et al., 2019; Kirchmeier-Young et al., 2019; Turco et al., 2019; Williams et al., 2019), and in many regions
including southeastern Australia, fires are becoming more extensive, frequent, and intense (Collins et al., 2021; Nolan et al., 2020). When fire regimes
no longer align with a species’ fire adaptive niche, post-fire regeneration and vegetative recovery can fail leading to ecosystem reorganisation including
transitions to an ‘alternative state’ (Coop et al., 2020; Falk et al., 2022; Steel et al., 2021).

Alternative ecosystem states are defined as persistent changes in community composition, structure, and function (Bielski et al., 2021; Coop et al.,
2020; Knox & Clarke, 2012; Tiribelli et al., 2018). Vegetation assemblages and their spatial extent are typically governed by biophysical conditions,
competition, and dominant growth forms (Pausas & Bond, 2020). However, in fire-prone ecosystems, regeneration and/or vegetative failure driven by
altered fire regimes can lead to divergent vegetation trajectories developing under similar biophysical conditions (Guiterman et al., 2018; Pausas &
Bond, 2020; Ramirez et al., 2025). Such transitions have been documented across a range of ecosystems, including shifts from forested to non-
forested states (Dwomoh & Wimberly, 2017; Hirota et al., 2011; Paritsis et al., 2015). In some instances, transitions to alternative ecosystem states
generate positive feedbacks, whereby changes in vegetation structure and composition increase flammability, reinforcing subsequent fire activity that
favours the alternative ecosystem state (Luo et al., 2025; McLauchlan et al., 2020; Paritsis et al., 2015; Pausas & Bond, 2020; Tepley et al., 2018). In
forests dominated by resprouting Eucalyptus, shortened fire-return intervals have been associated with resprouting failure and increased tree mortality
(Fairman et al., 2019). This has resulted in transitions from tall open forest to alternative states characterised by low, closed canopies, dominated by
small non-eucalypt tree and shrub species (Ashton & Chappill, 1989; Heap et al., 2026). Due to the limited dispersal ability of many eucalypt species,
alternative states can persist for decades and often require management intervention to reintroduce the dominant tree species (Bassett et al., 2015;
Booth, 2017; Bowd et al., 2023). In temperate forests of Australia, some have postulated that even-aged harvesting systems that maintain large areas
of vegetation in juvenile states can lead to similar flammability feedbacks and increase fire severity (Bowd et al., 2023; Lindenmayer et al., 2011; Zylstra
& Lindenmayer, 2025). However, understanding of these feedbacks remains largely conceptual, and the assumptions of the relationship between short-
interval disturbances and fuel-fire feedbacks remain largely un-tested and un-quantified in the context of temperate Australia.

The reorganisation of forest structure following transitions to an alternative state, particularly the loss of the dominant tree canopy is likely to alter the
fuel complex. Vegetation structure plays a central role in fire behaviour through its influence on fuel characteristics (Cruz et al., 2022; Zylstra et al.,
2016). The composition and vertical arrangement of fuels govern ignition potential, flame development, and fire spread, with ecosystem structure
directly linked to fire behaviour (Cruz et al., 2022; Zylstra et al., 2016). For this reason, fuel assessments globally consider these attributes when
determining potential fire behaviour of an ecosystem (Mihajlovski et al., 2023; Ottmar et al., 2007; Taylor et al., 1997). Forest fuels are commonly
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classified as fine and coarse fuels based on fuel components size. In the Australian context, fine fuel includes components < 6 mm thick including
leaves, twigs, and bark (Hines et al., 2010). The vertical arrangement of the fuel complex is described in terms of fuel strata with each stratum having a
distinct influence on fire behaviour and flammability (Cruz et al., 2022; Hollis et al., 2025). Forest surface fuels (or ‘litter’) typically including leaves,
twigs, and bark and are often the source of ignition. Litter composition determines the aeration of surface fuels and therefore aspects of flammability
(Burton, et al., 2023a). Near-surface fuels include seedlings, grasses, and prostrate shrubs that touch the ground. This stratum contributes to rate of
spread by providing vertical connectivity between surface, elevated and bark fuels (Hines et al., 2010). Elevated fuels include upright vegetation in the
understorey where the bulk of biomass occurs at the top of the structure, thereby influencing flame height. The combination of surface fuels and the
near-surface and elevated fuels (understorey vegetation) can connect fire vertically to the canopy and are used to model flame height, fire-line rate of
spread and intensity (Cruz, 2021; Cruz et al., 2022; Hollis et al., 2025). Bark fuels can provide a ladder for flames from the elevated fuels to the forest
canopy. Moreover, they can form loose embers that become airborne and can establish spot fires influencing the forward spread of a fire (Gould et al.,
2008; Hollis et al., 2025). Fuel components > 6 mm are referred to as coarse fuels and consist of fallen branches and logs. These take longer to dry and
reach combustion, making them less available to burn. However, once ignited, these fuels are slow to be consumed and contribute significantly to
residence time and heat outputs (Cawson et al., 2021; McArthur & Cheney, 2015). Together, these fuel attributes interact to determine the overall
flammability of an ecosystem, encompassing its ignitability, combustibility, sustainability, and consumability (Zylstra, 2018).

Fire frequency is projected to increase in southeastern Australia and could lead to further forest state shifts or the expansion of alternative states in the
landscape (Nolan et al., 2021). This highlights a critical need to understand how fuel structure, flammability, and fire behaviour differ between
alternative and non-transformed (or ‘reference’) Eucalyptus forests. Despite growing recognition of the fuel differences in alternative states (Brown et
al., 2021; Burton et al., 2019; Dwomoh & Wimberly, 2017; Tiribelli et al., 2018), few studies have quantified how structural differences between
alternative and reference states translate to differences in fire behaviour. Given the strong link between forest composition, structure, and fire
behaviour, it follows that alternative ecosystem states are likely to exhibit distinct fire behaviours (Paritsis et al., 2015). Wilsons Promontory National
Park in temperate southeastern Australia provides a unique opportunity to measure the fuel structure of alternative states and understand the potential
outcomes for flammability and fire behaviour. Throughout the park, patches of dry fire-tolerant eucalypt forest of varying size transitioned to alternative
states following short-interval fires in the mid-twentieth century, resulting in the persistent loss of the Eucalyptus overstorey (Ashton & Chappill, 1989;
Heap et al., 2025, 2026). These alternative states now coexist under similar biophysical conditions with adjacent forests where the Eucalyptus
overstorey has persisted (reference forests), allowing direct comparison of fuel structure and fire behaviour between ecosystem states. In this study,
we quantify differences in fuel structure, surface fuel flammability, and modelled fire behaviour between reference and alternative forest states. We
combine field-based fuel assessments, laboratory flammability experiments, and point-based fire behaviour modelling across multiple fire weather
scenarios to address four key questions:

(1) how do fuel structure and fuel loads differ between reference and alternative forest states?
(2) how does state change influence surface fuel flammability?
(3) how does state change influence point-based fire behaviour?

(4) do structural differences between alternative and reference states generate consistent differences in fire behaviour across weather conditions,
indicating potential fuel-fire feedbacks?

By linking vegetation state to fuel characteristics and fire behaviour, this study provides mechanistic insight into whether and how fire behaviour differs
between alternative and reference forest states, and evidence to understand if feedbacks might contribute to increased areas of alternative states
under future fire regimes.

Methods
Study area

Wilsons Promontory National Park was chosen as our study landscape due to its fire history and identified examples of alternative forest states
(Ashton & Chappill, 1989; Davies & Oates, 1999; Heap et al., 2025). The Park is 480 km? and located ~ 200 km from the city of Melbourne, Victoria, in
southeastern Australia (Fig. 1). The park is the southernmost tip of Australia’s mainland and has a temperate climate with mean monthly average
temperatures ranging from minimum 12.2°C to a maximum 16.8°C and mean annual rainfall is approximately 1091 mm (1991-2020; Australian
Government, Bureau of Meteorology, 2024). The narrow profile of the Park means it is heavily influenced by the marine climate and combined with
highly variable topography and geology means it supports a diverse landscape of 32 mapped ecosystem types (DEECAa, 2025).

The Park includes ~ 23,047 ha of mixed-species temperate eucalypt forest. This study focuses on forests dominated by mixes of fire-tolerant
resprouter eucalypts (Eucalyptus obliqua, E. muelleriana, and E. baxteri), which occur at low elevation (9 to 659 m asl) and on drier northerly and
westerly slopes. This vegetation type is locally classed as Shrubby Foothill Forest (SFF) (DEECAa, 2025). Characteristically, the ecosystem has an
understorey of narrow-leaf shrubs and a ground storey of ferns, herbs, and graminoids. The typical fire regime for this ecosystem is fires through spring
and summer with a return interval between 5-20 years with extreme fires occurring at 20—100 year intervals (Murphy et al., 2013). However,
overlapping fires due to human ignitions and wildfires between 1939 and 1951 resulted in ~ 3000 ha of forests regenerating without a Eucalyptus
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canopy, and converting to an alternative ecosystem state (Davies & Oates, 1999). About 352 ha of this alternative-state forest occurs across areas
mapped as within the distribution of SFF (DEECAa, 2025) - see Heap et al. (2025) for a comprehensive summary of the fire history of Wilsons
Promontory. Since 1951, two major bushfires have occurred at Wilsons Promontory. In 2005, an escaped fuel-reduction burn resulted in approximately
6,000 ha burnt across the lower portion of Wilsons Promontory including the location of the sites in this study. Then in 2009, ~ 24,000 ha was burned in
the northern half of the park with very little crossover of the 2005 fire footprint (DEECADb).

Site selection

The study examined multiple sites within the mapped distribution of 'reference’ and ‘alternative’ SFF. To ensure the alternative states once supported
large Eucalyptus trees, polygons were overlaid on 1941 aerial imagery and examined for structures indicative of standing or fallen mature stems (Heap
et al,, 2025). Additionally, using satellite imagery from Google Maps (Google Maps, n.d.), the extent of alternative states was checked to account for
any limited Eucalyptus encroachment at the margins of continuous forests into alternative states in the 27 years since mapping. These maps were
used to select field sites in an alternative state. The current mapped extent of SFF was used in conjunction with satellite imagery to identify appropriate
reference sites. In this study, reference sites were vegetation outside of the mapped areas of alternative states, where the fire history was consistent
with the typical fire regime and where the Eucalyptus overstorey has persisted. Sites were selected to be a minimum of 50 m from roadsides, walking
tracks, and forest ecotones. To prevent spatial confounding, sites were at least 150 m apart. All reference and alternative sites were within the 2005
wildfire footprint and limited to areas burned at either High or Extreme fire severity (i.e. High = Full canopy scorch and partial consumption; Extreme =
Full canopy consumption: Gibson et al., 2020). In the field, sites were assessed to ensure consistency with the distribution of SFF (i.e. north or west-
facing slope, at least 50 m from a gully line or waterway). Site-level observations included aspect, elevation, slope, eucalypt overstorey height, general
species composition, and the type of bark fuel present (Table 1).

Table 1

Forest structural metrics summarised for Shrubby Foothill Forest occurring in alternative and
reference states (mean * standard error). Mean overstorey height in alternative states was
calculated from 24 x 1 m? subplots distributed along two transects, whereas mean overstorey
height in reference forests was estimated visually in the field.

Mean overstorey height (m)  Reference State Alternative State ‘
19.0%1.86 474022 |

Basal area (m?) 513153 264429 ‘

Dominant Eucalyptus spp. Eucalyptus obliqua, ~ Absent to sparse E. obliqua and E. baxteri

E. muelleriana

Bark type of dominant spp. Stringybark Stringybark ‘

Field-based fuel assessments

Assessment of fine fuels between February 2023 and March 2024 included litter sampling and the fuel hazard assessment method of Pickering et al.
(2023), which extended the methodology of the Overall Fuel Hazard Guide (OFHG; Hines et al., 2010). The OFHG remains the primary operational tool
used in southeastern Australia and provides coarse rapid assessment of fuel load. For this experiment we used the extended method of Pickering et al.
(2023) to improve data quality and repeatability. In brief, the extended method averages measures of four fuel strata, using multiple points, along two
intersecting transects (Figure S1; Supplementary Material). This method includes, measures of cover, height or depth, and the percentage of dead
vegetation of: surface fuels, near surface fuels, elevated and bark fuels (Pickering et al., 2023; Fig. 2).

In the context of eucalypt forest, surface fuels are dead or decaying fine fuels laying on the ground and usually comprised of leaf litter, twigs, and bark
fragments (< 6 mm; Gould et al., 2008). Near-surface fuels connect with the ground but are not laying on it (i.e. grasses). Elevated fuels have a distinct
space between the ground and the fine fuels and are not continuously connected to the ground (i.e. shrubs and small trees: McColl-Gausden et al.,
2025; Pickering et al., 2023; Table 1). Fuel structure was measured along two 33 m transects, intersecting at the plot centre and running north to south
and east to west. Each fuel stratum was assessed within 1 m? quadrats at 20 points spaced evenly at 3 m intervals along the transect. Within each
quadrat, surface fuel depth (mm) and cover (%) were measured. Total and dead cover were visually estimated to the nearest 5% for each of the surface,
near-surface, and elevated fuel layers. The height of near-surface fuels and the top and base heights of elevated fuels were also measured. Bark fuels
were assessed qualitatively within the 25 m radius by visually assessing the amount of charring and bark attached to the trunk by bark type (i.e.
stringybark, ribbon bark, other bark) and bark fuel hazard scores were adjusted based on the basal area of the site (Pickering et al., 2023). To control
for variability of observer bias in visual assessments, we used a single consistent assessor for all sites and final estimates were made in consultation
with assisting team members. Mean measurements of each fuel stratum were summarised across the plot in conjunction with fuel hazard tables to
estimate a fuel hazard score for each of the fuel strata (Pickering et al., 2023) - Low (1), Moderate (2), High (3), Very High (4), or Extreme (5).

Coarse fuels were measured along two 50 m transects also running NS and EW and intersecting at the plot centre. Coarse fuel was defined as fallen
wood >75 mm in diameter (Hollis et al., 2018) and was assessed for volume using a line-intercept method (Van Wagner, 1968). Each piece that
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intersected one of the two transects was assessed for diameter at point of intersection, decay class (from 1 ‘sound’ to 5 ‘rotten’), and remaining cross-

sectional area (Aponte et al., 2014). Piece volume (m® ha™ ") was converted to biomass (t ha™") using wood density values by decay class from
comparable eucalypt forests (Aponte et al., 2014) and summed per plot.

Lab based fuel assessments

Destructive samples of surface fuels collected from reference and alternative sites were assessed for flammability under laboratory conditions

(Fig. 3c). Four samples of surface fuels were collected 10 m from the plot centre in each cardinal direction along the transects using a metal quadrat
with an area of 0.09 m2. Coarse woody debris, rocks and living plant material were excluded before drying the samples at 105°C to remove residual
moisture and a constant weight was reached. The weight of the surface fuel samples for each sample was used to calculate t/ha, and bulk density
(kg/cm?®). A sub-sample was retained, weighed, dried for an additional 48 hours and re-weighed to standardise for fuel moisture conditions.

The flammability of surface fuel samples was compared using an established laboratory methodology that has been proven to provide an accurate
substitute for field-based flammability experiments (Burton, et al., 2023a). This method provides point-based measures of ignitability, combustibility,
consumption and the fire sustainability of surface fuels (Grootemaat et al., 2015; Plucinski & Anderson, 2008; Zhao et al., 2021).

Surface fuels were reproduced in the laboratory by spreading individual dried litter samples across a tray at a depth consistent with field measures in
metal trays that matched the dimensions of the collection quadrat, then sub-sampled using a 25-cm diameter ring to match the laboratory fire-
containment ring (Fig. 3a reference fuels; 3b alternative fuels). To represent ignition via a firebrand, a lit cotton cylinder (100% cotton, 3.5 cm length, 1
cm width, ~ 0.35 to 0.40 g) ignited using a gas butane lighter was dropped from ~ 30 cm above each fire-containment ring. This technique has been
used to represent ignition via a eucalypt stringybark firebrand, a common firebrand and ignition source in Australian forests (Burton, et al., 2023a,
2023b; Cawson et al., 2022, 2024). Ignitability was measured as the probability of sustained ignition, combustibility as rate of flame spread, mass
consumed as consumption, and flame duration as an indicator of sustainability. Ignition success was recorded when the flame had propagated fuels
independently of the fire brand. Rate of spread was calculated as the time in seconds it took for the flame to reach the edge of the fire containment
ring. Flame duration was measured as the time elapsed from ignition until flames and visible combustion ceased, and consumption was the mass of
fuel consumed by burn as a percent of the total pre-burn mass. As per Burton et al. (2023a) flammability experiments were conducted within a flame
propagation apparatus with the fume hood exhaust speed set at < 0.5 m/s (Fig. 3c).

Modelling Fire Behaviour

To evaluate potential fire behaviour in alternative and reference forest states, we used a combination of indicators calculated from the field-based
assessments of fine and coarse fuels.

Fine fuels

Fire behaviour of the fine fuels were modelled using the Amicus application developed by CSIRO, which provides an interface for the Vesta Mk2 model
for dry Eucalyptus forests (CSIRO, 2021). The Vesta Mk2 model predicts point-based fire behaviour metrics based on fine fuel loads and weather
conditions, including rate of spread (m h-"), flame height (m), fire-line intensity (kW m-"), and spotting distance (m). The model has been validated in a
range of eucalypt forest conditions (Cruz, 2021; Cruz et al., 2015), making it suitable for this study. Surface fuel load was calculated from the dried litter
samples. As destructive sampling of live vegetation was not permitted in the National Park, fuel loads (t/ha) for the remaining fuel components (bark,
elevated, and near-surface fuels) were estimated using field-assessed fuel hazard ratings in conjunction with the Indicative Fuel Loads table (Hines et
al., 2010).

In Vesta Mk2, forward rate of spread is predicted from the combined load of surface and near-surface fuels, incorporating the average height of the
understorey (calculated as the cover-weighted height of near-surface and elevated fuels; Cruz, 2021). Flame height, which influences fire-line intensity,
is derived from both rate of spread and the height of elevated fuels (Cruz, 2021; Fairman et al., 2024). Fire behaviour was modelled across multiple
weather scenarios to separate the relative influence of vegetation structure and weather on fire dynamics, and to assess whether differences between
forest states were consistent across a range of fire-weather conditions. This approach also enabled evaluation of the extent to which vegetation-fire
feedbacks were consistent or dependent on specific weather contexts. Furthermore, by incorporating scenarios representative of prescribed burning,
typical wildfire conditions, and extreme fire events, the analysis provided outcomes directly relevant to fire management and decision-making.

Five weather scenarios were developed - four based on observed conditions associated with regional fire events, and one representing typical wildfire
conditions (‘typical_cond’) in southeastern Victoria (Table 2). Observed scenarios were parameterised using the Keetch—Byram Drought Index (KBDI)
and antecedent rainfall conditions corresponding to the days on which fires occurred. The typical_cond scenario was based on a fuel moisture content
of 7% and a drought factor of 10 (Fairman et al., 2024). To represent milder fire weather conditions, prescribed burning scenarios were parameterised
using weather conditions under which burns had previously been conducted. The pb_low scenario corresponded to a lower KBDI (19), while pb_high
represented moderately drier conditions (KBDI = 37). As no fuel reduction burns have been conducted in dry Eucalyptus forests within Wilsons
Promontory in the past two decades, prescribed burning conditions were derived from the nearest comparable forest type in Erica, Victoria (DEECA,
2021b). Wildfire scenarios (wf_2005 and wf_2009) were based on weather conditions associated with major fire events within Wilsons Promontory in
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2005 and 2009 (DECCA, 2021b; Su et al., 2024). Although weather conditions were considered suitable for planned burning, the 2005 burn developed
into an extensive wildfire event. Conversely, the wildfire that occurred in 2009 occurred under extreme wildfire conditions associated with extensive
catastrophic fires throughout the state (Dowdy et al., 2017).

The Vesta Mk2 Eucalyptus dry forest model was applied consistently across both vegetation states to minimise bias associated with using different
fire behaviour models, despite alternative states being characterised by a low, closed understorey structure and a general absence of Eucalyptus
overstorey. Remaining model inputs were standardised to minimise the influence of extraneous variation. For example, the wind adjustment factor of 3,
open wind speed at 10 m height was fixed at 30 km h-, and slope was set to zero (Fairman et al., 2024). Rainfall inputs were derived from Australian
Government, Bureau of Meteorology (2024) records and traced back to the most recent rainfall event prior to the fire of > 1 mm and rainfall rounded to
whole values to align with Amicus input constraints. KBDI was calculated using standard methods from the BARRA-C2 downscaled atmospheric
dataset (Su et al., 2024).

Coarse fuels

For coarse fuels, we calculated two proxies from our measures of coarse fuel loads (Mg/ha): maximum total heat release (kJ/m?) and burnout (or
residence) time (hours). Maximum total heat release estimates the potential maximum heat output of coarse fuel loads assuming full combustion and
was calculated by multiplying heat yield (kJ/kg) by fuel quantity (kg/m?); heat yield in this study was assumed to be 15,000 kJ/kg as per McArthur and
Cheney (2015). Burnout or residence time refers to the duration of flaming combustion and was calculated by dividing total heat release by combustion
rate (assumed to be 11 kW/m?2, as per McArthur and Cheney, 2015), then converting the resulting value from seconds to hours.

Table 2
Descriptions of the five weather scenarios used in the Amicus fire behaviour modelling from the BARRA-C2 downscaled atmospheric dataset (Su et al.,
2024). In the absence of recent planned burns of dry Eucalyptus forests within Wilsons Promontory National Park, weather conditions for the closest recent
planned burns of Shrubby Foothill Forests were used.

Scenario Keetch-Byram Last rainfall (>1  Days since last Fuel Moisture Drought Location Year
Drought Index mm) rainfall Content (%) Factor

pb_low 19 2.6 0 4.8 4.3 Erica 2015

pb_high 37 4.4 13 4.8 7.5 Erica 2008

typical_cond 7 10

wf_2005 31 1.2 9 4.8 7.3 Wilsons 2005
Promontory

wf_2009 96 1.2 28 4.8 10 Wilsons 2009
Promontory

Data analysis

The following response variables were analysed: mean hazard score for each fuel stratum; cover (live and dead portions, %) and top height (m) of near-
surface and elevated fuels; base height (m) of elevated fuels; cover (%), depth (mm), load (t/ha), bulk density (kg/m?3), ignitability (p), sustainability
(seconds), combustibility (mm/sec), and consumability (%) of surface fuels; and point-scale fire behaviour metrics — flame height (m), rate of spread
(m/s), and spotting distance (m). Fire behaviour metrics derived from the Amicus application were evaluated across the five weather scenarios. Prior
to analysis, data were assessed for compliance with model assumptions. Data that violated assumptions were transformed using either a logarithmic
(+ 1) transformation or square root transformation, depending on data characteristics. Differences between states were tested using analysis of
variance (ANOVA), with minimum significance set at p < 0.05 where assumptions were met. Where assumptions remained unmet following
transformation, differences were tested using the Kruskal-Wallis test for single-factor comparisons, and the Aligned Rank Transform (ART) approach
for factorial designs, which enables non-parametric analysis within an ANOVA framework (Wobbrock et al., 2011). For factorial analyses, models
included scenario, state, and their interaction as fixed effects, and Type Il tests were used to evaluate main and interaction effects. Where a significant
scenario x state interaction was detected, differences between states within each scenario were tested using Tukey-adjusted estimated marginal
means; where the interaction was non-significant, the main effect of state was interpreted directly. Differences among scenarios were assessed using
compact letter displays derived from Sidak-adjusted comparisons of estimated marginal means. All statistical analyses were conducted in R (R Core
Team, 2024).

Results
Field-Based Assessments
Fine Fuels

The elevated fuels in alternative states extended across a greater vertical profile than in reference states (2.83 m vs. 1.97 m, respectively). In
alternative states, the mean base height was 1.9 m ( 0.16) and the top height 4.7 m (+ 0.23), compared to 1.1 m (¢ 0.19) and 3.0 m (£ 0.45) in
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reference states (p < 0.05 for both). Cover in the elevated fuels was higher in alternative states, averaging 31% (+ 4.62) compared with 15% (+ 2.37; p <
0.05) in reference states. Dead cover was also higher in alternative states (ref =17.5% + 4.31 vs. alt = 14.1% * 1.52), although the difference was not
statistically significant. As a result, elevated fuel hazard scores were significantly higher in alternative states (3 + 0.3) than in reference states (1.4 +
0.22). Bark fuel hazard was significantly lower in alternative states, reflecting the near absence of Eucalyptus stems and lower basal area (ref=2.9 +
0.47 vs alt =0.05+ 0.52; p < 0.001). The high variability among alternative sites likely reflects the presence of spar-stage Eucalyptus individuals at two
sites, which contributed small amounts of bark fuel to an otherwise bark-free fuel complex. Hazard scores of near-surface fuels were significantly
lower at alternative than reference states (ref = 3.0 £ 0.00; alt = 2.5 + 0.22; p < 0.05; Table 2). While near-surface fuel cover and height did not differ
significantly between states, both were on average lower in alternative states. Surface fuel hazard scores were significantly higher in alternative states,
averaging 3.9 (+ 0.18; p < 0.001; Table 2) compared with 3.3 (+ 0.15) in reference states. However, there was no appreciable difference in other surface
fuel metrics between states. The surface fuels of alternative states were similar, averaging 28.8 mm (+ 0.77) vs. 28.3 mm (£ 1.83) in reference states,
and cover was marginally higher 97.21% (+ 0.95) vs. 97.85% (+ 1.05). There was also negligible difference in surface fuel load between states, with
alternative states 5% higher (20.06 + 1.69 t/ha vs. 19.09 + 1.19 reference), and in bulk density (alternative 70 kg/m® + 10 vs. reference 90 + 9).

Coarse Fuels

Although not statistically significant, the average weight of coarse fuels in alternative states was 52% lower than reference states (4.12t/ha+ 1.2
alternative vs. 8.58 t/ha + 2.43 reference). The mass of coarse fuels in alternative states was more consistent than reference states, which had two
outlier sites with almost twice the mean.
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Table 3

Mean (+ SE) fuel structural attributes in reference and alternative states. Asterisks indicate significant differences between states (* p < 0.05, *** p <
0.001). Fine fuels (< 6 mm diameter) include surface, near-surface, elevated, and bark strata; coarse fuels (> 6 mm) are reported separately. Surface
fuel depth and cover are means of 24 point-intercept samples per site, whereas load and bulk density were derived from four destructive samples.
Differences between states were primarily evident in the elevated fuel stratum, with limited differences in surface and near-surface fuels and no
significant differences in coarse fuel loads. Average fuel hazard scores were significantly higher in alternative states across all fine fuel strata.

Fuel Layer Fuel Measure  Reference State Alternative State
Surface Cover (%) 97.2 (+0.95) 97.9 (+ 1.05)
Fuels
Depth (mm) 28.9 (+1.76) 28.3 (£1.84)
Load (t/ha) 19.1 (x1.20) 20.1 (¢ 1.69)
Bulk Density 90 (x9) 70 (x10)
(kg/m?)
Mean Hazard 3.3+0.15 3.9+0.18 *
Score
Description Aerated litter with variation in leaf and small stem  Densely packed litter of very fine leaves ~ 4-6 mm in
parts. Extensive leaf curl width
Near- Cover (%) 26.2 (+1.62) 21.1 (£2.7)
surface
Fuels
Top Height 0.5(+0.04) 0.4 (+0.04)
(m
Dead Cover 55.7 (£ 5.14) 61.3 (+3.88)
(%)
Mean Hazard 3.0 (£ 0) 2.5(+x0.22) *
Score
Description Dense, near consistent layer of fuels, generally Lower cover of near surface fuels than reference
live. Easy to walk through Epacris impressa, forests but a greater proportion of dead fuel. Generally,
Goodenia ovata, and Pteridium esculentum Goodenia ovata and Pteridium esculentum
Elevated Cover (%) 14.5 (£2.37) 31.3(+4.62) *
Fuels
Top Height 3.0 (¢ 0.45) 4.7 (£0.23) *
(m
Base Height 1.1 (£0.19) 1.9(x0.16) *
(m)
Dead Cover 14.1 (£ 1.52) 17.5(x4.31)
(%)
Mean Hazard 1.4 (£0.22) 3(20.3) ok
Score
Description Patchy cover of Acacia verticillata and Pomaderris  Densely packed canopy dominated by small leaf
aspera. Very easy to walk through species such as Acacia verticillata and Kunzea ambigua
Bark Fuel Description Dominated by many large stringy bark species Generally, bark types that are quite firmly held. The
such as E. obliqua, E. muelleriana exception of small Kunzea ambigua stems that were
loose and papery. Spar stage E. obliqua, E. baxteri
present in 2 plots
Mean Hazard 2.9 (+0.47) 0.05(+0.52) okk
Score
Coarse Weight (t/ha) 8.6 (+2.43) 4.2 (£1.2)
Fuels

Laboratory-Based Assessments — Surface Fuel Flammability

Laboratory-assessed flammability of surface fuels differed significantly between forest states across multiple metrics. Lab-based flame propagation
experiments indicated that surface fuels in alternative states were less ignitable, less combustible, and less consumable relative to reference areas.
The probability of sustained ignition was 0.58 in samples from alternative states and 0.95 in samples from reference states (Fig. 4a; p < 0.001). Surface
fuel from alternative states took 67% longer to ignite relative to reference states (37.8 + 5.19 seconds vs. 22.5 + 3.70; p < 0.05). This was despite
samples from alternative states having lower fuel moisture content (1.37 + 0.09% vs. 1.87 + 0.14; p < 0.001). Sustainability of fire between states was
comparable (Fig. 4b; 280.9 sec + 35.04 alternative vs 283.28 + 15.22 reference). In contrast, consumability and combustibility were substantially
reduced in alternative states. Mean fuel consumption was 296.4 gm/m? (+ 67.0) in alternative state samples compared with 969.8 gm/m? ( 87.5) in
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reference samples (Kruskal-Wallis rank sum test, p < 0.001; Fig. 4d), and only 37% of successful ignitions in alternative samples reached the edge of
the ring before extinguishing, compared with 92% in reference samples (p < 0.001). Consistent with this, combustibility was lower in alternative
samples (0.99 + 0.09 mm/s) than in reference samples (1.85+0.17 mm/s; p < 0.001; Fig. 4c). Maximum flame height was also markedly lower in
alternative (5.0 £ 1.70 cm) than reference states (24.7 + 1.93 cm; p < 0.001 data not shown).

Modelled - Fire Behaviour

Fine fuels

Modelled fire behaviour differed between states, though whether the difference varied among fire-weather scenarios depended on the metric. Mean
flame heights were significantly higher in alternative than reference states, and this difference was consistent across all weather scenarios (main
effect of state p < 0.001; state x scenario interaction non-significant; Fig. 5a). Flame heights in alternative states ranged from 6.4 m to 32.8 m,
compared with 2.2 m to 25.5 m in reference states. In contrast, predicted rates of spread were comparable between states under the prescribed
burning and moderate wildfire scenarios, differing significantly only under the most extreme conditions (wf_2009; p < 0.01).

Spotting distances were consistently different between forest states across the modelled fire scenarios. In reference states, spotting distances
increased with fire weather severity, ranging from 1246 m (x 495) under pb_low conditions to 5253 m (* 62.8) under wf_2009. Spotting distances were
also high under pb_high (4605 + 184 m) and wf_2005 (4417 + 220 m) scenarios. Conversely, mean spotting distances in alternative states were
comparatively low across scenarios, ranging from 383 + 262 m under pb_low to 1078 + 719 m under wf_2009. Spotting distances differed significantly
between states under all scenarios except typical_cond with reference forests consistently producing greater spotting distances (pb_low: p < 0.0071;
pb_high: p < 0.01; wf_2005: p < 0.05; wf_2009: p < 0.001).

Coarse Fuels

There was no significant difference in the simulated fire behaviour based on coarse fuels between the two states. On average the estimated heat
release from a fire in an alternative state was 6180 MJ/m? (+ 1799) compared to 12876 MJ/m? (3649) in reference states (data not shown).
Furthermore, average burnout time for coarse fuels in alternative states was 0.16 (+ 0.05) hours compared to 0.33 (+ 0.09) hours.

Discussion

Differences in the flammability of alternative and reference states depended on how flammability was measured. Field-based fuel hazard, laboratory
surface fuel flammability, and modelled fire behaviour did not consistently identify the same state as the more flammable. This is likely due to each
capturing a different component of the fuel complex and a different phase of fire. Lower surface fuel flammability indicated that alternative states are
less susceptible to ignition via spotting. Once burning, however, their taller and denser elevated fuels support greater flame heights and faster spread
under the most severe weather. Alternative states are therefore harder to ignite but capable of more intense fire behaviour once alight. Considered
together rather than in isolation, these measures suggest a pathway from surface ignition toward canopy involvement, in which reduced ignitability and
intensified vertical fire behaviour are properties of the same altered fuel structure.

Structural reorganisation following canopy loss increases fuel hazard despite limited
change in individual metrics

In the Australian context, the relative importance of different fuel components in driving fire behaviour remains under debate (Nolan et al., 2024). For
instance, surface fine fuel load was historically considered a significant predictor of rates of fire spread (McArthur, 1967; Noble et al., 1980) and this
relationship remains robust for low-intensity surface fires (Cruz, 2021). However, understorey height becomes more influential than understorey fuel
load in producing moderate to high intensity fires that move vertically through the fuel complex (Cruz et al., 2022). For fires to transition from surface to
canopy fuels, ladder fuels, such as elevated shrubs and bark are required to vertically connect the fuel profile (Cruz et al., 2022; McArthur, 1967; Van
Wagner, 1977). Bark fuels also contribute to firebrand production, facilitating spotting and forward fire spread (Cruz et al., 2022; Nolan et al., 2024;
Penman et al., 2017). Therefore, with no difference in surface fuel load between states, a main difference in fire behaviour between alternative and
reference states could be greater flame heights associated with the taller and denser mid-storey (elevated) fuels in alternative states. However, the
absence of a tall canopy and bark fuels in alternative states implies a lower likelihood of rapid spread due to a lower potential for canopy propagation
and bark-related spotting (Ellis, 2011; Ganteaume et al., 2009).

Although coarse fuel loads were lower in alternative states, this difference was not statistically significant. Mean coarse fuel mass in the case study
reference forests (9 Mg ha-') was substantially lower than values reported for long-unburnt or less-disturbed Eucalyptus forests that, for example,
range from 16 Mg ha~" (Fairman et al., 2024) to 45 Mg ha~" (Aponte et al., 2014). Large trees are the primary source of coarse woody debris mass, and
their absence in alternative states explains the lower coarse fuel loads in alternative states (Harmon et al., 1986; Woldendorp & Keenan, 2005). The
relatively low CWD mass in this study is likely explained by the relatively short time since the last wildfire (20 years) relative to the other comparable
forests. With increasing time since fire, coarse fuels would be expected to accumulate in reference forests due to senescence-related tree fall. Over
longer timeframes, this difference in coarse fuel mass is likely to widen, as reference forests continue to accumulate coarse woody debris from large
trees while alternative states which lack them do not. This could mean future changes in measures linked to coarse fuel loads such as heat release,
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smouldering time, smoke release, and ease of suppression between states (Albini & Reinhardt, 1995; Fairman et al., 2024; Hyde et al., 2011). Although
visual fuel hazard assessments have recognised limitations, including observer bias and inconsistencies with measured fuel loads (Cruz, 2024; Hollis
et al., 2025) several steps were taken to minimise these in this study. All assessments were conducted by a single observer and repeated along
transects. Furthermore, by presenting both the composite hazard index per stratum and its individual components, we enable a transparent evaluation
of how different fuel attributes contribute to overall fire hazard.

Species turnover alters surface fuel traits and reduces flammability in alternative
states

Shifts in the dominant plant species within alternative states altered surface fuel traits in ways that changed surface fuel flammability. Despite no
significant differences in surface fuel load between states, and the higher hazard score of alternative states, laboratory flammability experiments
demonstrated that surface fuels in alternative states were less ignitable and less combustible. Although the sustainability of the fire was comparable
between states, less of the fuel of alternative states was consumed. Leaf and litter traits are known to strongly affect fuel flammability by influencing
packing density, aeration, moisture retention, and heat transfer (Burton et al., 2020; Scarff & Westoby, 2006). The dominance of small-leaved shrubs
and small-tree species such as Kunzea ambigua and Acacia verticillata in alternative states (Ashton & Chappill, 1989; Costermans, 2009; Heap et al.,
2026; Plucinski & Anderson, 2008) is therefore likely to produce more compact litter beds with reduced aeration, limiting oxygen availability, heat
transfer and constraining flame spread (Engber & Varner, 2012; Grootemaat et al., 2015; Schwilk & Caprio, 2011). In contrast, the larger leaves of
Eucalyptus species typically have more surface area and leaf curl, forming more aerated litter beds that promote flammability (Burton, et al., 2023b).
Similar reductions in litter flammability have been reported in systems where overstorey composition shifts away from flammable tree species
following fire exclusion and vegetation transition (Kreye et al., 2018). Although higher basal area in reference states would be expected to generate
greater surface fuel loads due to strong links between basal area and litter production (Fox et al., 1979; Heap et al., 2026; Turnbull & Madden, 1983), no
such difference was detected at our field sites. Greater inputs from the denser shrub and small-tree layers of alternative states may offset their lack of
overstorey Eucalyptus litterfall, producing comparable surface fuel loads across states.

Flame height and rate of spread diverge between states

Differences in modelled fire behaviour between states reflected the distinct fuel hazard and elevated fuel attributes of each state, and how those
attributes are weighted within the Vesta Mk2 model. For example, simulated flame height was consistently higher in alternative states regardless of the
weather scenario. This would be explained by the contribution of understorey (elevated fuel) height to the flame height calculation, regardless of the
phase of fire initiation, and is consistent with the known sensitivity of the model to the height of elevated fuels (Cheney et al., 2012; Cruz, 2021; Zylstra
et al., 2016). Understorey fuel heights (calculated as the cover-weighted height of near-surface and elevated fuels) recorded in alternative states
exceeded the standardised fuel conditions used to parameterise the Vesta Mk2 model up to (2.8 m; Cruz, 2021). This introduces uncertainty into the
absolute magnitude of predicted fire behaviour differences. However, the consistently greater flame heights in alternative states across all scenarios, is
mechanistically consistent with the known sensitivity. In contrast, rate of spread differences between states were conditional on the severity of fire
weather and were only significant under the wf_2009 scenario, which burned under catastrophic weather conditions. This result also likely reflects the
structure of the Vesta Mk2 model where understorey fuel height only influences rate of spread when the fire moves from the surface and near-surface
combustion phase to elevated and bark fuels under lower fuel moisture contents. Therefore, under the prescribed burning and moderate weather
scenarios the modelled fire behaviour likely remained in a phase where surface and near-surface fuel loads were the primary drivers of rate of spread
and did not differ significantly between states.

The mechanism underlying the significantly higher rate of spread predicted in alternative states under wf_2009 conditions is not entirely clear from the
modelling alone. We propose two likely explanations, given the stepwise nature of modelled fire escalation through successive fuel strata in dry
eucalypt forests. The taller understorey of alternative states might increase the likelihood of fire propagating through the full fuel complex under
extreme fire weather, generating a higher weighted rate of spread in the integrated model output. Alternatively, the elevated fuel height difference
between states may be sufficient to sustain higher rates of spread in the elevated and bark fuels before both states initiate ignition of the full fuel
complex. That is, rate of spread is driven predominantly by wind speed and fuel moisture rather than fuel structure in the model (Cruz, 2021). To
distinguish what is the most likely explanation would require wildfire observations, which was outside the scope of this study. However, under the most
extreme fire weather conditions, the influence of localised fuel type and structure on fire behaviour diminishes considerably as weather becomes the
dominant driver of fire spread across a landscape (Collins et al., 2023; Fernandez-Guisuraga & Calvo, 2025; Wang et al., 2022).

Spotting distances reflect bark fuel presence rather than fire weather

The increase in simulated spotting distances from pb_low to other scenarios in our study could be attributed to the development of convective activity
rather than wind speed (Thurston et al., 2016), as wind speed was held constant across all fire weather scenarios. With greater KBDI, rising fire intensity
would have driven stronger convective plume development in the model, lofting firebrands to greater heights and distances (Koo et al., 2010). The
dominant bark type in the reference states was stringybark Eucalyptus spp., which are associated primarily with short to medium-range spotting
through the production of fibrous bark fragments (Cruz, 2021; Hodgson, 1967; McArthur, 1967). Ribbon or decorticating bark species that produce
aerodynamically efficient firebrands capable of long combustion times and extended transport distances were generally absent. This likely explains
why maximum spotting distances in reference states peaked at 5253 m under the most extreme fire weather scenario, which is at the lower end of the
long-range spotting threshold (Cruz, 2021).
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As expected, the near-absence of bark fuels in alternative states resulted in negligible firebrand production and insensitivity of spotting distances to the
fire weather scenarios. The exception to this pattern was the typical_cond scenario, under which spotting distances did not differ significantly between
states. This likely reflects the higher fuel moisture content applied in this scenario (7% compared to 4.8% in all observed fire weather scenarios), which
would reduce the predicted fire intensity and spotting potential in both states. Unlike the observed fire weather scenarios parameterised using KBDI
values and antecedent rainfall records, typical_cond applied a fixed drought factor of 10 overriding the need for a KBDI input, representing an idealised
rather than empirically grounded set of conditions (Fairman et al., 2024). The combination of higher fuel moisture content and the absence of an
empirically derived antecedent dryness index may have reduced the sensitivity of the model to fuel structural differences between states under this
scenario.

The Vesta Mk2 model has been evaluated against independent datasets of experimental fires and well-documented wildfires across southern Australia,
demonstrating mean absolute errors consistent with or lower than other empirically based fire spread models. We acknowledge the potential
limitations of using the Vesta Mk2 model to predict fire behaviour in the alternative states that more closely resemble a tall shrubland in structure,
which could lead to conservative fire behaviour estimates. Nonetheless, application of a single model — Vesta Mk2 - in our study minimised the
potential for confounding errors in using different models for our between-state comparisons.

Implications for management

A key outcome of this study is that the flammability of alternative states cannot be adequately characterised by any single assessment method. In
isolation, different methods provide contrasting results depending on the part of the fuel complex examined. However, when examined collectively,
these different measures of flammability start to illustrate the potential pathway from spotting to canopy ignition in landscapes where alternative
states exist. For instance, the potential risk of surface fuel ignition and spread via spotting is lower in alternative states. Despite similar individual fuel
measurements, lower surface fuel flammability, combined with lower aggregated near-surface fuel hazard scores in alternative states could limit the
risk of fire transferring from the surface into the elevated fuel layer (Zylstra et al., 2016). However, this risk may intensify once a surface fire transitions
into elevated fuels, or if a fire front encountered patches of alternative vegetation. Modelled flame heights predicted in alternative states (mean 18 m
across scenarios) would be sufficient to ignite surrounding Eucalyptus canopies (~ 19 m), potentially exacerbating vertical and horizontal fire spread
into surrounding forests. Furthermore, large coarse fuel structures such as logs can retain moisture and interrupt fuel continuity, potentially forming
localised barriers to fire spread. Their scarcity in alternative states may therefore remove a source of discontinuity in the fuel bed. This may allow more
continuous heat transfer pathways by limiting interception of radiant heat and maintaining flame fuel contact; thereby, increasing the efficiency of
energy transfer required for sustained fire spread (Andrew et al., 2000; Sullivan et al., 2018). Management should explicitly distinguish between ignition
risk and suppression difficulty when assessing fire hazard. Although alternative states may be characterised by lower surface fuel hazards, their altered
vertical structure can support more intense and fast-spreading fires once ignited.

This study focused on point-based assessments of fuel hazard and modelled fire behaviour, which limits inference at landscape scales. In this
landscape alternative states occur across a range of vegetation types, topography, and environmental gradients (Davies & Oates, 1999). Therefore,
future research should explicitly examine how spatial arrangement, extent, and connectivity of alternative states interact to influence landscape-scale
fire behaviour. Furthermore, alternative states resemble vegetation types typically associated with low productivity and higher aridity, yet in this study
they occurred in environments capable of supporting tall forests, potentially with wetter soils. This mismatch between vegetation structure and site
productivity potential may have important implications for fuel moisture dynamics (Brown et al., 2021), that warrant further investigation. For example,
at the base of the profile, the dense layer of small, compacted surface fuels may trap and retain moisture at the litter/soil interface, further dampening
ignition potential. Predicted fuel loads across landscapes are often based on biophysical conditions (Marshall et al., 2024; McColl-Gausden et al., 2020;
Pickering et al., 2025) but rarely account for the divergent fuel conditions associated with state changes. This presents a further opportunity to develop
dynamic fuel models that account for the potential change in fuels structure associated with changed forest states induced by short-interval fires.

By generating fire-behaviour differences that persisted across weather conditions, the altered fuel structure of alternative states provides a mechanism
for fuel-fire feedbacks that could reinforce their persistence under future fire regimes.The development of fuel complexes that modify fire behaviour are
expected to promote the persistence of these alternative states (Ramirez et al., 2025; Schwoérer et al., 2024; Tepley et al., 2018; Tiribelli et al., 2018).
Transitions to non-forest vegetation by shortened fire return intervals have been documented in other fire-prone ecosystems, where positive fire-
vegetation feedbacks maintain early successional, shrub-dominated states (Tepley et al., 2018; Thomsen et al., 2025; Wei et al., 2024). Such fuel-
mediated feedbacks provide a clear mechanistic pathway through which alternative states can be stabilised under similar biophysical conditions
(Beisner et al., 2003; Cheng et al., 2025; Scheffer et al., 2001). By shaping subsequent fire behaviour, the presence of alternative states, in conjunction
with projected changes to fire regimes, may facilitate their expansion across the landscape (Lindenmayer et al., 2011; McDowell et al., 2020). In the
context of our case-study landscape, these results suggest that feedbacks maintaining the alternative state may operate through intensified fire
behaviour once fire is established, rather than through increased ignitability. In particular, the greater flame heights, and faster spread under extreme
weather, could promote canopy ignition and conversion of adjacent forest. This dynamic is further compounded by the limited capacity of Eucalyptus
species to recolonise patches that have transitioned to an alternative state (Booth, 2017; Bowd et al., 2023). Therefore, returning these alternative
states to a fuel structure comparable to the reference condition would require substantial intervention, including the reintroduction of Eucalyptus
following fire and the exclusion of subsequent fire until trees reach an adequate escape size (Cheal, 2010; Fairman et al., 2019).

Conclusion
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This study compared fuel structure, surface fuel flammability, and modelled fire behaviour between reference and alternative forest states in Wilsons
Promontory National Park, southeastern Australia, to understand how short-interval fires alter the fuel complex and the implications for subsequent fire
behaviour. The results indicate that transitions to an alternative state produce a distinct fuel profile and differences in fuel hazard scores but might not
be adequately characterised by any single assessment method.

Fuel structure between states differed primarily in the aggregated Overall Fuel Hazard scores. Surface and elevated fuel hazard scores were
significantly higher in alternative states, while near-surface and bark scores were higher in reference states. This was despite significant differences in
individual fuel metrics being limited to cover and the top and base heights of the elevated fuel layer. Bark fuels were effectively absent in alternative
states following the loss of the Eucalyptus overstorey, representing the most tangible difference in fuel hazard between states. Laboratory-based
surface fuel flammability was lower in alternative states across multiple metrics, including ignitability, combustibility, and consumability. This reflected
differences in leaf morphology that influence litter packing, which are not captured by surface fuel load alone. Modelled fire behaviour revealed
consistently higher flame heights in alternative states across all fire weather scenarios, driven by taller and denser elevated fuel structure, while rate of
spread differed only under the most extreme fire weather conditions. Spotting distances also diverged between states across most scenarios:
reference forests showed strong weather-dependent escalation, driven by firebrand production from stringybark fuels, whereas alternative states
remained low and weather-insensitive owing to the near-absence of bark fuels. These results reinforce the potential for state-dependent feedbacks, as
the limited spotting capacity of alternative states reduces their likelihood of seeding fire into adjacent forest. Together, these findings indicate that
alternative states would be harder to ignite via spotting and less combustible at the surface, yet capable of more intense fire behaviour once burning,
such as higher flame heights. This points to fuel-mediated fire behaviours consistent with the persistence of alternative states under future fire
regimes: reduced ignition probability and spotting potential may limit the frequency of fire entering alternative-state patches, while the intense fire
behaviour generated once ignition occurs has the potential for flame-driven canopy ignition in adjacent reference forest and may accelerate the
conversion of surrounding vegetation to alternative states over time.

These findings have implications for fire management in landscapes where alternative states are present or have the potential to expand under a drier
climate. Relying on surface fuel metrics alone to assess fire hazard in alternative states risks underestimating flame height potential while
overestimating ignition risk. Future research should examine how the spatial arrangement, extent, and connectivity of alternative states interact to drive
landscape-scale fire behaviour.
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Figure 1

Location of study sites within Wilsons Promontory National Park. Eucalypt-dominated Shrubby Foothill Forest is shown in dark grey within the broader
native vegetation matrix (light grey). Areas transitioned to alternative states in the mid-1900s are indicated by cross-hatched polygons originally
mapped by Davies and Oates (1999) and refined by Heap et al. (2025) using satellite imagery (Google Maps, n.d.). Plot locations are shown as
reference plots (triangles) and alternative plots (circles).
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Conceptual diagram of the difference in fuel structure of reference and alternative states based on physical measures of forest structure outlined in
Heap et al. (2026).
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Figure 3

Representative examples of surface fuels from reference (a.) and alternative states (b.) once they have been replicated and sub-sampled into the fire
containment rings. Figure 3c shows the ignition of the surface fuels within the flame propagation apparatus.
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Figure 4

Comparisons of surface fuel flammability metrics between reference (REF) and alternative (ALT) forest states, including (a) ignition probability (ignitability),
(b) flame duration (sustainability), (c) rate of spread (combustibility), and (d) fuel consumed (consumability). Boxplots show the distribution of values, with
medians indicated by horizontal lines and means by diamonds. Ignition probability (a) is presented as the proportion of successful ignitions. Statistical
significance between states was assessed using appropriate models for each response variable, with p-values shown within panels. Ignition probability,
rate of spread, and fuel consumption were significantly lower in alternative states (p < 0.001), whereas flame duration did not differ between states. Results
of post-hoc comparisons were summarised using compact letter displays, where groups sharing the same letter were not significantly different (p > 0.05).
State-level means were calculated from site-level averages; therefore, reported standard errors reflect variability among sites rather than sampling error.
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Figure 5

Modelled fire behaviour across five weather scenarios (pb_low, pb_high, typical_cond, wf_2005, wf_2009) in reference (ref) and alternative (alt) states:
(a) flame height, (b) rate of spread, and (c) maximum spotting distance. Boxes show the median and interquartile range; red circles denote raw means.
Uppercase letters indicate differences between weather scenarios (Sidak-adjusted compact letter display; scenarios not sharing a letter differ
significantly at a = 0.05); for spotting distance, letters are shown for the reference state only, as spotting in the alternative state showed no significant
variation among scenarios. Asterisks indicate the difference between states within a scenario (Tukey-adjusted pairwise contrasts: * p < 0.05, ** p <
0.01,*** p < 0.001; nd = no significant difference). For flame height, the state x scenario interaction was non-significant and flame heights were
consistently higher in the alternative state across all scenarios (p < 0.001); per-scenario state contrasts are therefore not shown. All comparisons

derive from aligned rank transform (ART) ANOVA.
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