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Fuel weight and understorey hazard dynamics in mature karri (Eucalyptus 
diversicolor) forests in southwest Western Australia
N. Burrows, A. Wills and V. Densmore

Department of Biodiversity, Conservation and Attractions, Manjimup, Western Australia, Australia

ABSTRACT
Fuel properties influence the behaviour of forest fires, so understanding how these change with time 
since fire is important for appraising the bushfire threat and planning and implementing bushfire 
mitigation operations. A space-for-time study in mature karri forests with fuel ages ranging from 1 to 
92 years demonstrated that total fine-fuel weight (TFFW) increased with time since fire for about 30  
years then plateaued at a mean value of about 50 t ha−1. For fuels older than four years, on average, 
74% of TFFW was in the surface fuel layer (the litterbed) and 17% was in the near-surface layer (up to 
1 m above the surface layer). Live understorey vegetation contributed only about 6% to TFFW. 
Predicting TFFW from time since fire was improved by including karri tree basal area. Mean under-
storey height (Uht) increased with time since fire, peaking at 6 m after about 30 years, then declining 
to about 4 m after 92 years. Mean understorey hazard (Uhaz), derived from Uht plus the proportion (%) 
of dead fuel in each fuel layer, followed a similar trend, peaking at 20–30 years post-fire, then 
declining. Although Uhaz had declined by 36% from the maximum value by 60+ years post-fire, it 
was 27% higher than the Uhaz value for young fuels (1−<5 years old). For a mean prescribed-burn 
interval of eight years, 50% of the forest fuel will be ≤four years old and so will be carrying about ≤19 
t ha−1 of fine fuel (≤38% of the maximum value), with a Uhaz value of about <3.56 (<50% of the 
maximum value). Fuel weight and Uhaz directly influence fire intensity, flame size, spotting potential 
and rate of spread. Therefore, prescribed burning, done strategically and at the appropriate temporal 
and spatial scales, will make bushfires less damaging and easier and safer to suppress.

KEY POLICY HIGHLIGHTS
● In karri forests, fine fuel weight accumulates for about 30 years post-fire and then plateaus. 

Understorey hazard (mean height of near-surface, elevated and aerial fuels weighted for cover 
and proportion of dead fuel) peaks at 20–30 years post-fire, then declines to about 64% of the 
maximum value in 60+-year-old fuels.

● Periodic (mean interval 8 years) low-intensity prescribed burning of karri forests will maintain fine- 
fuel weight at ≤38% and understorey hazard at <50% of maximum values over 50% of the forest.

● Reducing fuel weight and understorey hazard by periodic prescribed burning will reduce rate of 
spread, fire intensity, flame dimensions and spotting potential, making bushfires easier and safer 
to suppress, and less damaging.
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Introduction

Karri forests are tall open wet sclerophyll forests with karri 
(Eucalyptus diversicolour F.Muell.) as the dominant or co- 
dominant overstorey species (Ashton & Attiwill 1994). 
Restricted to the southwest of Western Australia, they 
mostly occur on red loamy soils in high-rainfall areas 
(1000–1300 mm annum−1) and can occur as pure stands of 
karri or as karri in association with other eucalypts 
(Bradshaw 2015) (Figure 1). In mature forests, overstorey 
trees can reach heights in excess of 60 m; on some sites, 
sheoak (Allocasuarina decussata (Benth.) L.A.S.Johnson) and 
peppermint (Agonis flexuosa (Willd.) Sweet) occur as mid- 
canopy trees to 20 m. The karri forest region experiences 
a Mediterranean-type climate with warm dry summers and 
cool wet winters. Climate and accumulations of flammable 
vegetation have ensured that fire is an integral part of the 
ecology of these forests (Christensen & Abbott 1989; 
Burrows & Wardell-Johnson 2003). Details of the pre- 

European fire regime are unknown but included fires started 
by lightning and Noongar Aboriginal people (Hallam 1975; 
Underwood 1978). Since European colonisation, the region 
has experienced a diverse regime of high-intensity bushfires 
and low-intensity prescribed burns. High-intensity bushfires 
can kill overstorey trees, but complete stand replacement is 
uncommon in mature karri forests (Bradshaw and Rayner  
1997; Etchells et al. 2020). Dominant understorey species, 
including netic (Bossiaea aquifolium Benth.), hazel 
(Trymalium odoratissium Lindl.) and karri wattle (Acacia pen-
tadenia Lindl.), are readily killed by fire and regenerate pro-
lifically post-fire from soil-stored seed (fire-promoted 
species). As these relatively short-lived (30–40 years) single- 
stemmed species age and grow taller, they shed leaves and 
twigs from the lower portions of their stems and decline in 
density (McCaw et al. 2002). In long-unburnt areas, scattered 
surviving plants of these species can reach heights in excess 
of 12 m.
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Fuel properties, including weight, composition, structure 
and moisture content, together with weather conditions and 
topography, affect the behaviour of a bushfire – its rate of 
spread, intensity, flame size and spotting potential (Sullivan 
et al. 2012). Fire behaviour determines a bushfire’s environ-
mental impacts, its potential to harm human communities, 
and its suppression difficulty (Alexander 2000; Stephenson 
et al. 2013; Filkov et al. 2020). Forest-fire managers need to 
be able to measure fuel characteristics and have 
a quantifiable understanding of how these change with 
time since fire to inform a range of policy, planning and 
operational decisions, including assessing bushfire threat 
and planning and implementing prescribed burns, and for 
bushfire suppression.

How live and dead vegetation is characterised as fuel 
depends on the fuel input requirements of fire-behaviour 
models and fire-danger rating systems appropriate to the 
fuel type. Empirically derived fire-behaviour models have 
been developed for southern Australian dry open eucalypt 
forests (McArthur 1962; Sneeuwjagt & Peet 1985; Cheney 
et al. 2012; Cruz et al. 2021). Early models described forest 
fuel solely in terms of weight per unit area (fuel weight) 
because, according to these models, this relates directly to 
rate of spread (McArthur 1962, 1967, 1973; Peet 1965, 1972; 
Luke & McArthur 1978; Sneeuwjagt & Peet 1985). However, 
based on laboratory and small-plot field experiments in jarrah 
forests, Burrows (1994, 1999a, 1999b) was unable to find 
a relationship between fine-fuel weight and head-fire rate of 
spread for wind-driven fires, although he reported a positive 
relationship for backing fires. McCaw et al. (2012) concluded 
that although rate of spread in dry eucalypt forests increased 
with fuel weight, it was more strongly correlated with other 
fuel structural characteristics. Cruz et al. (2021) and Cruz et al. 
(2022) reported that fuel weight directly affected rate of 
spread but that its influence declined with increasing severity 
of fire weather conditions. Fuel weight in eucalypt forests is 
correlated with fuel structural changes as fuels age, making it 
difficult to separate the influences of fuel weight, fuel age and 
fuel structure on rate of fire spread (McCaw et al. 2012). 
Although there is inconsistency in the literature about the 
role of fuel weight on rate of spread of forest fires across the 
range of burning conditions, the quantity of fuel that burns in 
the flaming zone directly affects fireline intensity and flame 
size (Byram 1959; Cheney 1990; Burrows 1999b; Alexander & 
Cruz 2019; Cruz et al. 2022). However, reliably measuring the 
weight of fuel that actually burns in the flaming zone of 
bushfires is problematic (Tangren 1976; Cruz et al. 2021). In 

laboratory fires, the proportion of eucalypt litterbed (surface 
fuel − SF) weight consumed in the flaming zone was approxi-
mately 65%, with a further approximately 15% consumed as 
smouldering combustion and approximately 20% being ash 
residue (Burrows 1994, 2001). In the field, the proportion (by 
weight) of SF burnt by the various stages of combustion is 
unknown but is likely to be highly variable, depending on 
factors such as fuel depth, bulk density and moisture content, 
and on weather conditions, especially wind speed. In the 
absence of field data for karri forests, we have assumed that 
all fine fuel is consumed in the flaming zone. The most recent 
dry eucalypt forest fire behaviour model (Vesta 2) (Cruz et al.  
2021) incorporates both fuel weight and fuel structure as 
predictors of rate of spread, but the Australian bushfire fuel 
classification system (Hollis et al. 2015; Cruz, Gould et al. 2018) 
is based solely on vegetation/fuel structure.

Studies in southern Australian eucalypt forests typically report 
that dead fine fuel accumulates quickly after fire and then slows 
as the rate of accession approaches the rate of decomposition 
(Peet 1971; Birk and Simpson 1980; Raison et al. 1983; O’Connell  
1989; Burrows 1994; Gould et al. 2011; Neumann et al. 2021). 
There have been three published studies of karri forest fuel- 
weight dynamics. One was the development of a mechanistic 
litter accumulation model (O’Connell 1987) and two were field 
studies of the litter (surface) fuel layer and the dead suspended 
(near-surface) fuel layer up to 1 m in young even-aged regrowth 
(McCaw et al. 1996, 2002). An unpublished study was carried out 
in mature karri forests in the early 1970s, the findings of which 
are summarised in table form in Sneeuwjagt and Peet (1985). 
Although these studies used different methodologies and were 
carried out in structurally different karri forests, they arrived at 
the same general conclusion – that the weight of dead fine fuel 
in karri forests could be best explained by the model first pro-
posed by Olson (1963), as follows:

Stt ¼ Sss(1-e−k.Age),                              

where Stt ¼ fuel weight at time t, Sss ¼ steady-state fuel 
weight and k ¼ the decomposition constant.

There are no published studies of the relationship between 
time since fire and fine-fuel weight for mature karri forests, which 
we define here as unlogged (virgin) forests or regrowth forests 
>80 years old. Likewise, there have been no studies of the chan-
ging structure and hazard of mature karri forest fuels consistent 
with the Australian bushfire fuel classification system (Hollis et al.  
2015) or the Vesta 2 fire behaviour model. Therefore, this study 
had two primary objectives: (1) to model the fine-fuel weight 

Figure 1. Four-year-old (left) and 26-year-old (right) karri forest (Eucalyptus diversicolour) fuels. Younger fuels are characterised by a light, dead, surface fuel layer, 
a light near-surface fuel layer (to 1 m) of live and dead material, and a dense live understorey that forms an elevated fuel layer to 3 m. Older fuels are characterised 
by heavy, dead surface and near-surface fuel layers, a sparse tall understorey (hazel and netic) making up the aerial fuel layer (to 14 m), and the increasing 
dominance of the persistent understorey shrub karri oak (Chorileana quercifolia) in the elevated fuel layer (to 3 m)
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dynamics of mature karri forests with time since fire; and (2) to 
characterise and quantify how fuel hazard, based on fuel struc-
ture, changes with time since fire. In short, this study aimed to 
answer the question, how do fuel weight and fuel hazard in 
mature karri forests change with time since fire?

Methods

Study sites

The study was carried out in mature karri forests with different 
but known fuel ages (time since fire) in the southwest of Western 
Australia (Figure 2). Fuel age, which ranged from 1 to 92 years, 
was derived from records held by the Department of Biodiversity, 
Conservation and Attractions, the agency responsible for fire 
management on public land in Western Australia, including 
national parks, in which most sample sites were located. Of the 
72 sites assessed, 62 were last burnt by prescribed fire and four 
were last burnt by bushfire. The type of fire on six sites was 
unknown. For assessing fuels, at each site a 20 m line transect 
was established in the forest 30–40 m from the edge of the 
nearest road/track. The distance between sample sites of fuels 
of the same age was at least 50 m and in most cases considerably 
greater. Basal area (a measure of site occupancy) of overstorey 
and mid-canopy tree species was determined by measuring the 
diameter of live trees (at breast height over bark) within a 20 m 
radius circle, the centre of which was the mid-point of the line 
transect. Overstorey tree top height and height to the base of the 
overstorey tree canopy, and understorey shrub top height and 
height to the base of the understorey shrub canopy, were mea-
sured using a hypsometer laser range finder or a height stick (the 
latter for shrubs ≤2 m high). Fuel was classified following the 
methodology of Gould et al. (Gould, McCaw, Cheney, Ellis, 
Knight, Sullivan, 2007; Gould, McCaw, Cheney, Ellis, Matthews,  
2007) which is consistent with the Australian bushfire fuel classi-
fication framework (Gould & Cruz 2012; Hollis et al. 2015; Cruz, 
Gould et al. 2018). The following fuel layers were mea-
sured: SF; near-surface fuel (NSF); elevated fuel (EF); aerial 
fuel (AF); and bark fuel (on live standing trees). Here, AF 

relates to tall live shrubs up to 14 m, which can form 
a distinct layer above the EFs. Gould et al. (Gould, 
McCaw, Cheney, Ellis, Knight, Sullivan, 2007) included 
‘intermediate’ and ‘overstorey’ fuel layers, but this consid-
ers the bark-flammability characteristics of live trees. Being 
a smooth-barked species, the bark on karri trees is non- 
flammable, except at times when it is being shed in early 
summer. Rough-barked species such as marri (Corymbia 
calophylla (Lindl.) K.D.Hill & L.A.S.Johnson) and red tingle 
(Eucalyptus jacksonii Maiden) often grow with karri; where 
this was the case, the bark hazard of these species was 
rated following the methodology of Gould et al. (Gould, 
McCaw, Cheney, Ellis, Knight, Sullivan, 2007; Gould, 
McCaw, Cheney, Ellis, Matthews, 2007).

In the current study, ‘fine fuels’ are fuel elements likely to be 
consumed in the flaming zone of an intense bushfire and include 
dead leaves, bark, twigs and other dead woody material <6 mm 
thick (Burrows 2001), and live leaves and stem material <4 mm 
thick (Harmon et al. 2022). Definitions of the fuel layers used in 
the current study, and the measurements made, are as described 
below.

Surface fuel (up to 120 mm above the soil surface)

SF is dead fine fuel on the forest floor. A relationship between 
SF depth and oven-dry weight (t ha−1) was established by 
measuring the depth and oven-dry weight of fuel harvested 
from a 0.049 m2 circular sample area down to mineral earth. 
In total, 46 samples were taken across a range of fuel ages 
with the resulting relationship (Figure 4):

SF (t ha-1) ¼ 0.543(SF depth (mm)) � 0.0035 (R2 ¼ 0.88)  

This relationship was used to estimate mean SF weight at 
each site by measuring the depth of the SF layer at 2 m 
intervals along a 20 m line transect (10 measurements per 
site). Percent cover of SF was determined by recording its 
presence or absence at 1 m intervals along the transect.

Figure 2. Location of 72 karri forest fuel study sample sites in southwest Western Australia
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Near-surface fuel (up to 1 m above the SF)

NSF is fine live and dead fuel suspended above the SF to 
a height of 1 m. It is predominantly dead material, except in 
recently burnt forest (≤1-year-old), where small live shrubs 
dominate the layer. In older fuels, the live shrub canopy has 
grown beyond the NSF layer and into the EF layer. Mean NSF 
weight was measured by harvesting and weighing fuel from 
1 m2 quadrats placed at 4 m intervals along the 20 m transect 
(5 quadrats per site). Moisture content samples were taken to 
determine the oven-dry weight of the harvested fuel. Mean 
height and percent cover of NSF were estimated using the 
point intercept method. Presence or absence of NSF was 
recorded at points 1 m apart along the 20 m transects, and, 
if present (i.e. if there was NSF vertically above or below the 
point), its height was measured using a height stick. In one- 
year-old fuels, where the NSF comprised dense seedling 
regeneration to 1 m, the number and mean height of seed-
lings in each 1 m2 quadrat was recorded.

Elevated fuel (up to 3 m above the near-surface fuel) and 
aerial fuel (up to 11 m above the elevated fuel)

EF and AF are predominantly fine fuels in live shrubs (fire- 
promoted species – hazel, netic and karri wattle) that dom-
inate the understorey in the early and intermediate years 
post-fire. In fuels older than about 5–6 years, these layers 
separate, which is why we included an AF layer. 
A relationship between stem diameter and dry biomass was 
developed for live hazel and netic. Karri wattle was not 
included because it occurred infrequently at the study sites. 
Where it occurred, we assumed it had a similar stem dia-
meter/biomass relationship to hazel and netic. In total, 30 
netic and 29 hazel plants ranging in size and age were har-
vested, stem diameter at 1.3 m above ground was measured, 
and leaves and other live material <4 mm thick were stripped 
from each plant, oven-dried and weighed. A relationship 
between plant stem diameter and oven-dry fine-fuel weight 
(<4 mm) was developed. Mean shrub top height, mean 
height to shrub canopy base, and percent cover of EF were 
measured using the point intercept method, as described 
above for NSF. Height measurements determined how 
much of the shrub canopy was in the EF layer (1–3 m) and 
how much was in the AF layer (>3–14 m). The density of these 
understorey plants (netic, hazel and karri wattle) decreases 
significantly with time since fire (McCaw et al. 2002), so two 
sample methods were used to accommodate this: (1) stem 
diameter was measured for all live plants in a 40 m2 belt 
quadrat (i.e. 1 m either side of the 20 m line transects); and 
(2) triangular tessellation, which involves measuring the 
length of the sides of the smallest triangle formed by three 
plants around a sample point (Ward 1991). The middle and 
each end of the 20 m line transects were used as triangular 
tessellation sample points and the stem diameter of each 
plant forming the triangles around these points was also 
measured. The highest density value derived from these pro-
cedures at a site was used in analysis. Mean plant density 
(stems ha−1), mean stem diameter, mean top height and 
mean height to the base of the shrub canopy were used to 
estimate fuel weight (<4 mm thick) in tonnes per hectare in 
the EF and AF layers.

As fuels aged and the density of netic, hazel and karri 
wattle decreased, karri oak (Chorilaena quercifolia Endl.), 

a sparse, low, obscure understorey plant in the early 
post-fire years, increased in cover and height to become 
the dominant understorey species in older fuels 
(>approx. 11 years old) on most sites. In older fuels, it is 
a sprawling, bushy shrub to 3 m high and 2–3 m wide. 
Fuel weight (live leaves and stem material <4 mm thick) 
in karri oak clumps in older fuels was estimated by first 
determining mean clump fuel bulk density by harvesting 
and drying fine fuel from a 1 m3 sample taken from the 
base of 23 clumps. Based on visual assessment, fuel bulk 
density was assumed to be uniform throughout the 
clump. Knowing the mean clump fine-fuel bulk density 
(0.34 kg m−3; standard error = 0.011), fine-fuel weight (t 
ha−1) was estimated by determining the mean height and 
cover of karri oak using the point intercept method 
described above.

Coarse woody fuel (>6 mm ≤100 mm diameter)

Dead stems and branches on the forest floor comprised 
coarse woody fuel (CWF). We limited the measurement of 
CWF to 100 mm diameter for two reasons: (1) the trans-
ect length (20 m) was too short to adequately measure 
sparse pieces of larger material (Hollis et al. 2011); and 
(2) because of their low combustion rates, large pieces 
contribute little to flaming zone combustion (Burrows  
1994). Each intercepted piece of CWF was measured 
and placed into one of ten diameter classes – the smal-
lest class being 6–10 mm, with subsequent classes at 10  
mm intervals. The volume of CWF (m3 ha−1), by diameter 
size class, was estimated using the line intercept sam-
pling technique (Van Wagner 1968; Marshal et al. 2003; 
Hollis et al. 2011) along the 20 m transects. Total weight 
(t ha−1) in each diameter class was calculated using the 
class mid-point to calculate volume and a mean dry 
wood density of 640 kg m−3, derived from drying and 
weighing 20 solid (not decomposed) cylindrical pieces 
of CWF of known volume. The weight of CWF likely to 
burn in the flaming zone was calculated using a rate-of- 
weight-loss model (Burrows 2001) and a flame residence 
time of 37 seconds (Wotton et al. 2011). The rate-of- 
weight-loss model was developed from laboratory stu-
dies using oven-dry fuel particles burning on a load cell 
under zero wind conditions and so likely underestimates 
the rate of weight loss of CWF burning in a bushfire 
under severe fire weather conditions. This model was 
used in the absence of an alternative.

Modelling fine-fuel weight

Based on earlier work (Raison et al. 1983; O’Connell 1987; 
Burrows 1994; McCaw et al. 2002), we explored Olson’s 
(1963) equilibrium model for modelling SF weight and 
total fine-fuel weight (TFFW = the weight of fine fuel in 
all layers) from time since fire. We also explored the 
performance of a logarithmic model. O’Connell (1987) 
found that the dominant contribution to fine-fuel accu-
mulation in karri forests is from overstorey trees. Of the 
variables measured in the current study, karri basal area 
was identified in a distance-based linear measures analysis 
(McArdle & Anderson 2001) as an important variable 
explaining variation in SF weight, which is the dominant 
component of TFFW. Karri basal area was included in 
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models to predict SF and TFFW as a proxy for factors that 
deflect the trajectory from an ‘average’ Olson-type fuel 
accumulation curve for mature karri forests. These predic-
tive models took the form: Stt ¼ Sss(1-e−k.time since fire) þ
b (karri basal area) þ c.

We approximated Sss from McCaw et al. (2002) as a starting 
point, then alternatively and iteratively adjusted k (decay 
constant) and the Sss parameters to maximise the adjusted 
R2 value using the regression function in MS Excel. Second- 
and third-order polynomial models were fitted to the EF and 
AF data. The R2 values of second- and third-order polynomials 
using Olson’s base model were examined for possible model 
combinations that deviated from time since fire and karri 
basal area alone. Tests were run using the mcgv package in 
R (R Core Team 2020).

Fuel flammability, understorey height and understorey 
hazard

Fuel flammability and fuel hazard are often poorly differen-
tiated and thus used interchangeably in the literature. In 
general, flammability relates to individual species rather 
than being a property of vegetation communities (Scarff 
and Westoby 2006), while fuel hazard describes the propen-
sity for a vegetation community to burn. Fuel flammability 
epitomises the capacity of fuel to ignite and sustain combus-
tion. Anderson (1970) classically defined flammability using 
three elements: (1) ignitability – the delay on ignition; (2) 
sustainability – the duration of combustion; and (3) combust-
ibility – the mass loss rate. The chemical composition of fuel 
strongly influences these elements, as does fuel moisture 
content (Mutch 1970; Dickinson & Kirkpatrick 1985; Scarff 
and Westoby 2006; Saura-Mas et al. 2010). Oxygen availability 
is central to flammability; thus, fuel particle shape (e.g. Zylstra 
et al. 2016) and fuel arrangements that promote aeration 
(Dickinson and Kirkpatrick 1985; Dimitrakopoulos and 
Papaioannou 2001; Scarff & Westoby 2006; Varner et al.  
2015) influence flammability at the level of individual leaves 
to whole-plant scale. Fuel hazard metrics centre around the 
arrangement of flammable fuels in a vegetation community 
rather than at the species-level scale. Arrangement is usually 
characterised according to the vertical and horizontal struc-
ture of the fuel (height, cover), its bulk density and the 
proportion of dead material (e.g. McCarthy et al. 1999; Hines 
et al. 2010; Gould et al. 2011). Unlike fuel flammability, fuel 
hazard does not consider fuel moisture content, particle size, 
shape or chemistry; rather, fuel hazard scores aim to compare 
potential fire behaviour between vegetation communities 
that have similar species-level flammabilities but vary in fuel 
arrangement. For a given fuel or vegetation type, the greatest 
variability in fuel hazard is due primarily to variability in fuel 
structure (height, cover) and proportion of dead fine material, 
which responds more rapidly to environmental moisture fluc-
tuations than fine live material (Rossa & Fernandes 2017). The 
current study did not measure fuel flammability (as defined 
above) but focused on measuring fuel hazard (as defined 

above). This is because, for a broad fuel type such as karri 
forest, the particle size, shape and chemistry of the fuel ele-
ments are more-or-less constant, with variability in fuel 
hazard primarily due to variability in structure (height, 
cover) and composition (proportion of dead material). There 
are no published fuel hazard assessment methods for tall wet 
eucalypt forests such as karri (Cawson et al. 2020). The origi-
nal Vesta fire behaviour model for dry eucalypt forests used 
a fuel hazard score, being a numeric value (0–4) based on 
a visual assessment of the height, cover and proportion of 
dead material in the various fuel layers (Gould, McCaw, 
Cheney, Ellis, Matthews, 2007; Gould, McCaw, Cheney 2011). 
However, the more recent version of Vesta (Vesta 2) (Cruz 
et al. 2021) uses fine-fuel weight and mean understorey 
height (Uht) to predict rate of spread, where:

Mean understorey height (Uht) ¼ (mean height of the near- 
surface layer � cover) þ (mean height of the elevated layer �
cover).

Following this protocol, we calculated a second mean Uht 

measure for karri forests, which includes the aerial layer:

Mean understorey height for karri forests (UhtK) ¼ (mean height 
of the near-surface layer � cover) þ (mean height of the 
elevated layer � cover) þ (mean height of aerial layer � cover).

Vesta 2 fuel input does not account for the proportion of 
dead material in the fuel layers; so, in addition to calculat-
ing mean Uht and UhtK, we calculated a measure of mean 
understorey hazard (Uhaz), being an additive function of 
mean UhtK plus the proportion of dead material (dp) in the 
near-surface (ns), elevated (el) and aerial (ae) fuel layers, as 
follows:

Mean understorey hazard (Uhaz) ¼ ((htns � cvns) þ dpns)) þ ((htel 

� cvel) þ dpel) þ ((htae � cvae) þ dpae)).

While height and cover were measured along 20 m transects 
(described above), the proportion of dead material (by volume) 
within a 10 m radius of the centre of the line was estimated 
visually for each fuel layer. We assessed bark hazard following 
the Vesta protocol but, because the sites were mostly domi-
nated by karri, a smooth-barked species that sheds its bark 
annually, site bark hazard was consistently rated as low or 
moderate and was not used in analysis. Strips of shed bark 
were mostly incorporated into the SF and NSF layers; in older 
fuels, some bark was suspended in the EFs and AFs.

Results

In total, 72 sites were sampled in mature karri forests in 
26 fuel ages ranging from 1 to 92 years since fire. Of 
these sites, 26 were pure karri, 44 were mixed karri – 
marri, and two sites were mixed karri – red tingle. 
Structural characteristics of the forests sampled are 

Table 1. Summary of overstorey tree structure of mature karri forests that were part of the fuel study

Tree top height (m) Height to base of tree canopy (m) Tree basal area (m2 ha−1) Canopy cover (%)
Stocking 

(stems ha−1)

Mean Range Mean Range Mean Range Mean Range Mean Range

50 45–56 34 30–40 44 10–107 63 40–90 120 24–350
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summarised in Table 1. Stimulated to regenerate by fire 
from soil-stored seed, cohorts of hazel and netic occurred 
as understorey species on 92% of sites, and karri wattle 
occurred on 10% of sites. These species increased in 
height with time since fire but decreased in density 
(number of plants ha−1) and cover due to competition 
and natural senescence (thinning) (Figure 3). In older 
fuels, the understorey dynamic was more complex, with 
plants ranging in size and therefore age, which partially 
explains the high variability in stem diameter and height 
for a given time since fire (Figure 3). Karri oak was pre-
sent on most (82%) sites but, in the early years post-fire, 
it was a small, inconspicuous plant occupying <10% of 
the understorey cover. After about 11 years post-fire, the 
cover and height of karri oak increased with increasing 
fuel age, commensurate with a decrease in the density of 
hazel, netic and karri wattle. On sites with a fuel age >11  
years, the mean cover of karri oak was 40% (range 10 

−70%), and its height ranged from 1.8 m to 3 m. Several 
long-unburnt sites with high basal areas of sheoak were 
virtually devoid of live understorey.

Surface fuel weight

The relationship between SF depth and weight is shown in 
Figure 4a. The mean bulk density of the SF layer was 53.4 kg m−3 

and SF weight ranged from 1.1 t ha−1 (a 1-year-old site) to 52.3 
t ha−1 (a 25-year-old site). The relationship between SF weight (t 
ha−1) and time since fire (years) is plotted in Figure 4b. We 
tested the conventional Olson model and a logarithmic 
model (Figure 4b) based on R2 values, with the logarithmic 
model having a slightly better fit (Table 2). Predicting SF weight 
was improved by incorporating karri basal area (m2 ha−1) 
(Table 2). SF cover was 100% on all sites except on one of the 
one-year-old sites, which had a cover of 80%.

Figure 3. The relationship between live understorey (netic, hazel and karri wattle) height (a), cover (b) and density (c) with time since fire in mature karri forests. 
Dotted lines are best-fit trend lines

Figure 4. Relationship between karri forest surface fuel (SF) weight and depth (a), and SF weight and time since fire (b). The logarithmic model was a slightly better 
fit than the Olson model based on R2 values (see Table 2)

Table 2. Logarithmic, Olson and polynomial models for predicting surface fuel weight (SFW – t ha−1), near-surface fuel weight (NSFW – t ha−1), 
total fine-fuel weight (TFFW – t ha−1) and surface fuel depth (SFD − mm) in mature karri forests from time since fire (TSF − years), karri basal area 
(KBA − m2 ha−1) and sheoak basal area (SBA – m2 ha−1). from model 8, it can be seen that the steady-state TFFW is 49.7 t ha−1 and the decay 
constant (k) is 0.12 for a mean karri basal area of 35.5 m2 ha−1

Model Model type Adjusted R2

1. SFW ¼ 5.91 ln(TSF) þ 5.44 Log 0.74
2. SFW ¼ 23.35(1-exp(−0.09(TSF)) þ 4.89 Olson 0.73
3. SFW ¼ 5.91 ln(TSF) þ 0.09(TSF) þ 3.3 Log 0.78
4. SFW ¼ 23.35(1-exp(TSF)) þ 0.07(KBA) þ 4.07 Olson 0.76
5. NSFW ¼ 1.91 ln(TSF) þ 1.58 Log 0.33

NSFW ¼ 0.00007(TSF)3 þ − 
0.0095(TSF)2 þ 0.439(TSF) þ
0.027(KBA) þ −0.114(SBA) þ 1.190

Polynomial 0.50

6. TFFW ¼ 11.62ln(TSF) þ 6.86 Log 0.72
7. TFFW ¼ 49.14(1-exp(−0.12TSF) þ 1.058 Olson 0.74
8. TFFW ¼ 49.38(1-exp(−0.12(TSF)) � 0.013(KBA) þ 1.06 Olson 0.74
9. SFD ¼ 17.12ln(TSF) þ KBA � 1.35 Log 0.80
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Near-surface fuel weight

In one-year-old fuels, 80–90% (by volume – visual esti-
mate) of the NSF was low, live understorey shrubs that 
had regenerated in response to fire. By five years post-fire, 
70–100% of the NSF was dead material because the fine 
fuel in live understorey shrubs had grown beyond the NSF 
layer and into the EF and AF layers. The mean bulk 
density of the NSF layer was 1.42 kg m−3, ranging from 
0.1 kg m−3 to 3.2 kg m−3. The weight of NSF increased 
relatively quickly with time since fire to about 30 years, 
after which the rate of increase slowed. As evident in 
Figure 5a, there was significant variability, indicating that 
factors other than time since fire were affecting NSF 
weight. Of the other factors measured, basal area of 
sheoak and basal area of karri were statistically the next 
most important (Table 2).

Elevated fuel weight

EF predominately comprised fine components of live under-
storey shrubs. There was no EF in one-year-old fuels because 
the understorey was insufficiently developed. Up to about 11  
years post-fire, EF mostly comprised live material (<4 mm 
thick) of netic, hazel and occasionally karri wattle, but as 
these species reduced in density with increasing fuel age, 
live karri oak became the dominant EF. Mean EF weight was 
1.6 t ha−1, ranging from 0.3 t ha−1 to 3.5 t ha−1. Mean cover 
was 42.2% (range 10–80%) and mean height above the SF 
layer was 2.3 m (range 1.3–3 m). Mean bulk density of the EF 
layer was 0.07 kg m−3 (range 0.05–0.15 kg m−3). Because of 
the seral succession of the understorey and the variability in 
cover of EF, fuel weight was only weakly related to time since 
fire (Figure 5b).

Aerial-fuel weight

There was little or no (depending on age) AF in the first four 
years post-fire because the understorey was insufficiently 
developed. Mean AF weight was 0.5 t ha−1 for fuels ≤five 

years and 1.3 t ha−1 for fuels >five years. As with EF, the 
weight of the AF layer was weakly related to time since fire 
(Figure 5c). There was little or no dead fuel in the AF layer.

Coarse-woody-fuel weight

The weight of CWF available to burn in the flaming zone was 
weakly related to time since fire (Figure 5d), but the total 
weight of CWF (6–100 mm diameter) was unrelated to time 
since fire (Figure 5e).

Total fine-fuel weight

TFFW is the weight of all fine-fuel elements that can poten-
tially burn in the flaming zone and comprises dead fuel (<6  
mm thick) and live fuel (<4 mm thick) in all fuel layers and 
varying fractions of CWF, depending on its diameter. TFFW 
ranged from a minimum of 4.0 t ha−1 at a one-year-old site to 
a maximum of 68.1 t ha−1 at a 25-year-old site. The mean 
TFFW in the oldest fuel measured here, 92-year-old fuel in Big 
Brook forest with a mean tree basal area of 46 m2 ha−1, was 
57.9 t ha−1. TFFW (t ha−1) is plotted with time since fire (years) 
in Figure 6. The Olson modelled relationship between TFFW 
and time since fire was slightly better than the logarithmic 
relationship (based on R2 values − Table 2). Mean TFFW pla-
teaued at about 50 t ha−1 after about 30 years post-fire. For 
the mean karri basal area (35.5 m2 ha−1), the steady-state 
TFFW was 49.4 t ha−1 and the k (decomposition constant) 
was 0.12 (Table 2).

From O’Connell’s (1987) finding that karri makes the domi-
nant contribution to fine-fuel accumulation and given the 
variability of karri site occupancy as represented by its basal 
area, we derived a model from the base time-since-fire equili-
brium (aka Olson) model adding karri basal area weighted by 
a multiplier that minimised the associated AIC value (Table 2). 
This improved the predictive capacity of the model. Because 
of the dominance of karri on the sample sites, including the 
basal area of other tree species did not improve the model 
(Table 3). With the exception of one-year-old fuels, SF 

Figure 5. Relationship between karri forest near-surface fuel weight (a); elevated fuel weight (b); aerial fuel weight (c); weight of coarse woody fuel (CWF) available 
to burn in the flaming zone (d); and total weight of CWF (6−100 mm diameter) (e) with time since fire. Trend lines shown for data with better R2 values (>0.4)
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contributed most to TFFW. Averaged across all sites, the 
contributions of fuel layers to TFFW was: SF ¼ 73.8%; NSF ¼
17.3%; EF ¼ 3.0%; AF ¼ 2.8%; and CWF ¼ 3.1%.

Fuel structure

The relationship between SF depth and time since fire is 
shown in Figure 7. There was little difference between the 
logarithmic and Olson equilibrium models based on R2 

values. For a mean karri basal area (35.5 m2 ha−1), SF depth 
plateaued at about 70 mm after about 30 years. NSF height 
and cover showed a similar trend to SF of increasing with 
time since fire for the first 30 years or so and then plateauing, 
but the relationship was considerably more variable, reflect-
ing local variability in karri basal area and understorey shrub 

structure (Figures 8a,b). In the early years post-fire (<4 years), 
the NSF layer was dominated by live shrubs that had regen-
erated in response to the fire, but, for older fuels, the propor-
tion of dead material was mostly 80–90% (Figure 8c). EF 
comprised predominantly live vegetation. There was a weak 
relationship between the height and cover of this layer and 
time since fire, with the trend being a rapid increase in height 
in the first four years post-fire and then stabilisation at 2−3 m 
(mean 1.9 m) (Figures 8d,e). On eight sites, there was no EF. As 
discussed above, in the early years post-fire (≤11 years), the EF 
layer comprised hazel, netic and/or karri wattle, but, as the 
density of these species decreased and plants grew taller with 
age, the elevated layer was dominated by the persistent karri 
oak. The mean height of the AF layer (Figure 9a) was variable 
but generally increased with time since fire for the first 30  

Figure 6. Total fine fuel weight with time since fire. The Olson model was a slightly better fit than the logarithmic (log) model based on R2 values (see Table 2)

Table 3. Marginal tests for the proportion of variation explained in the Euclidean similarity matrix of fine-fuel loads 
using the primer DISTLM function

Variable SS (trace) Pseudo-F P-value Proportion of variation

Ln (TSF) 52.551 199.39 .0001 .74
Karri BA 9.2626 1.502 .002 .13
Marri BA 2.0997 2.1332 .15 .03
Sheoak BA 3.2354 3.3421 .08 .05
Peppermint BA 0.73948 .7367 .38 .01

BA = basal area (m2 ha-1); SS = steady state; TSF = time since fire (years).

Figure 7. Karri forest surface fuel depth with time since fire. There was little difference between the Olson and logarithmic models based on R2 values (see Table 2)
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years or so, after which it more-or-less plateaued. Cover of AF 
was also variable but decreased with time since fire 
(Figure 9b). The high variability in height and cover of AF 
with time since fire is largely for the same reasons as given 
above for the variability in EF.

Understorey height and ‘hazard’

Post-fire trends in mean understorey height calculated from 
NSF and EF (Uht) (Vesta 2, Cruz et al. 2021), and for mean 
understorey height, including AF (UhtK), are show in Figure 9c, 
d. There is a high level of variability, but the trend is for an 
increase in both measures in the first 30 years or so post-fire 
and then a decline as the understorey thins. The post-fire 
trend in mean Uhaz, being UhtK þ the proportion of dead 

fuel in each layer (see definition above), is shown by fuel 
age classes in Figure 10. The trend approximates a parabolic 
curve, with the ‘focus’, or maximum mean UhtK, being in the 
20–<30-year-old fuel age class. The highest individual site 
UhtK value was 12.8 in a 21-year-old fuel and the lowest was 
0.4 in a one-year-old fuel. The mean UhtK for the 92-year-old 
fuel sites was 4.2.

Discussion

Fine-fuel weight

It is well established that fine-fuel weight in eucalypt forests is 
a function of time since fire and other complex biotic and 
abiotic factors that drive plant biomass productivity and 

Figure 8. Karri forest near-surface fuel (NSF) height (a), cover (b) and proportion (%) dead (c) with time since fire. ‘Circled’ (a) are young fuels with live shrubs 
making up the NSF layer. Karri forest elevated fuel (1−3 m) height (d) and cover (e) with time since fire

Figure 9. Karri forest aerial fuel height (a) and cover (b) with time since fire, and trends in understorey fuel height, weighted for cover, with time since fire for near- 
surface þ elevated fuels (Uht) (c) and near-surface þ elevated þ aerial fuels (UhtK) (d) ht = height
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decomposition, including overstorey and understorey com-
position and structure, soil type, landform and climate (Duff 
et al. 2017; Jenkins et al. 2020; Neumann et al. 2021). In some 
forest types, fire history, especially fire severity, can also affect 
post-fire fuel properties (Collins et al. 2021). The severity of 
the antecedent fires at the study sites reported here is 
unknown, but, because most were prescribed burns, we 
assume that the fires were of low to moderate intensity and 
low severity. TFFW, or the weight of fuel potentially con-
sumed in the flaming zone, was dominated by the weight 
of fuel in the SF layer (73.8% of total) and, to a lesser extent, 
the NSF layer, which together contributed 90% of TFFW. This 
is consistent with Cruz et al. (2021), who reported that litter 
(SF) in dry eucalypt forests accounted for 72% of fine-fuel 
weight. The contribution of live understorey vegetation (in 
the EF and AF layers) to the TFFW was very small (mean across 
all sites = 5.9%), which is consistent with the findings of 
O’Connell (1987). Therefore, the energy to drive bushfire 
behaviour is derived primarily from the combustion of dead 
fine fuels in the SF and NSF layers. Because of its dominant 
biomass, this fuel type also strongly influences overall fuel 
moisture content and hence fuel flammability and fire beha-
viour. Notwithstanding the temporal and spatial variability, 
and the complexity of fuel accession and decomposition, 
most of the variability in TFFW in mature karri forests was 
explained by time since fire and karri basal area, which is 
unsurprising because the bulk of the fine fuels in eucalypt 
forests are leaves, twigs, bark and floral parts shed from trees 
(O’Connell 1987; Burrows 1994; McCaw et al. 2002; Gould 
et al. 2011; Neumann et al. 2021). In mature forests, karri 
basal area may reflect site qualities that impinge on fuel 
accumulation and decay rates, as well as directly affecting 
fuel accumulation rates through the input of fuels and by 
altering the conditions such as microclimate that affect decay 
rates (e.g. Keane 2008; Thomas et al. 2014; Neumann et al.  
2021).

TFFW accumulates rapidly in the first 15–20 years post-fire, 
with the rate of accumulation slowing thereafter. By about 30  
years, influenced by the dynamics of the SF layer, TFFW more- 
or-less plateaus, following Olson’s (1963) general equilibrium 
model form and as reported by others (e.g. Birk & Simpson  
1980; Raison et al. 1983; O’Connell 1989; Burrows 1994; 
McCaw et al. 2002). The mean steady-state TFFW value of 
49.7 t ha−1 reported here for mature karri forests is slightly 
lower than the value reported by McCaw et al. (2002) for ‘leaf 
litter and twigs’ (54.2 t ha−1) in young even-aged karri 

regrowth stands but is considerably lower than what they 
reported for total dead-fuel weight (64.03 t ha−1). The decay 
constant (k) of 0.12 year−1 reported here is higher than that 
reported by McCaw et al. (2002) for total dead fuels (0.04 y−1). 
The differences could be due to differences in tree and under-
storey growth dynamics between young even-aged regrowth 
stands and mature forests, hence differences in the composi-
tion of the SF and NSF layers. In young regrowth forests, trees 
are in a dynamic growth stage, which includes self-thinning 
of slower-growing suppressed trees and shrubs and high 
levels of twig and branch shedding. Also, McCaw et al. 
(2002) included woody material <25 mm thick, whereas in 
the current study we limited our modelling to dead material 
<6 mm thick.

Fuel structure, understorey height and understorey 
hazard

Forest fuel structure, or the spatial arrangement of live and 
dead vegetation, influences fire behaviour, especially rate of 
spread (McCarthy et al. 1999; Cheney et al. 2012; Zylstra et al.  
2016; Cruz et al. 2021). A feature of the results presented here 
is the high localised variability of the fuel structural variables, 
such as height and cover, especially in the EF and AF layers 
dominated by live shrubs. Although these variables showed 
a weak relationship with time since fire and tree basal area, 
other factors have likely contributed to this variability, includ-
ing the uneven-aged understorey in older fuels resulting from 
episodic inter-fire shrub regeneration, the fine-scale clumped 
distribution of hazel, netic and karri wattle, and the expansion 
of the persistent karri oak in older fuels as the other fire- 
promoted shrub species declined. Where it occurred as thick-
ets, usually in older fuels, sheoak suppressed the develop-
ment of understorey shrubs. This raises the issue of 
appropriate methodologies and scales at which to measure 
and map patchy forest fuels, especially the more variable, 
shrub-dominated EF and AF layers. Emerging techniques 
such as remote sensing and the modelling of vegetation 
types/fuel types based on environmental gradients, with 
ground validation, may provide more accurate measures of 
landscape-scale fuel hazard mapping (e.g. Arroyo et al. 2008; 
Jenkins et al. 2020).

With advances in forest fire behaviour science, there has 
been a move away from traditional models that use fuel 
weight as the sole fuel input to correlating measures of ‘fuel 
hazard’ or fuel height with fire rate of spread (Cheney et al.  
2012; DENR 2012; Cruz et al. 2021). Although they reported 
a weak but statistically significant relationship between fuel 
weight and rate of spread, Cheney et al. (2012) and McCaw 
et al. (2012) found that the structure of the SF and NSF layers 
were most important in determining rate of spread in dry 
eucalypt forest. Cruz et al. (2021) report that fine-fuel weight 
in the SF and NSF layers has a significant effect on rate of 
spread for low-to-moderate-intensity fires; that fuel weight 
and understorey height, weighted by cover, have a significant 
effect on rate of spread of moderate-intensity fires; but that 
no physical fuel properties had a significant effect on rate of 
spread of high-intensity fires. Others suggest that, in addition 
to the spatial arrangement of fine fuels, species composition 
and associated plant traits such as leaf morphology and 
chemical composition can explain fuel flammability and fire 
behaviour (Mutch 1970; Gill & Zylstra 2005; Zylstra et al. 2016; 
Tumino et al. 2019). Measures of karri forest mean UhtK and 

Figure 10. Karri forest understorey hazard (Uhaz) derived from the mean 
understorey height of the near-surface þ elevated þ aerial fuel layers 
weighted for cover (UhtK), plus the proportion of dead fuel in each layer, with 
time-since-fire age classes. Standard error bars shown except where insufficient 
data were available
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mean Uhaz developed in the current study increased post-fire 
as the understorey vegetation regenerated, peaked at about 
20–30 years, and then declined to about 64% of peak values 
as the understorey vegetation senesced and thinned. 
Notwithstanding variability due to understorey dynamics 
and other factors discussed above, UhtK and Uhaz show pro-
mise as meaningful measures of karri forest understorey fuel 
hazard. Further work is needed to evaluate whether these 
measures can be used in existing eucalypt fire behaviour 
models such as Vesta 2 to predict fire rate of spread in tall 
wet forests such as karri.

It has been proposed (e.g. Zylstra et al. 2016; Zylstra 2017,  
2018) that, in tall wet forests such as karri, where the height 
and cover of the fire-promoted understorey declines (thins) 
with time since fire, introducing fire at regular intervals 
increases the ‘flammability’ of the forest because it maintains 
a dense live understorey. According to a fuel flammability 
model (Zylstra et al. 2016), flammability and hence fire beha-
viour is a function of the plant species present and the gaps 
between the plants. Further, the authors suggest that large 
flames only occur when live plants ignite and that fuel weight 
is unimportant (Zylstra et al. 2016). In contrast, some authors 
(e.g. Fernandes & Cruz 2012; Varner et al. 2015) assert that 
‘flammability’ is a broad, loosely defined concept that does 
not necessarily translate to full-scale fire behaviour. Based on 
extensive field sampling in mature karri forests, we have 
demonstrated that mean Uhaz, a measure that integrates 
NSF, SF and AF height, cover and the proportion of dead 
material, increases for about 20–30 years post-fire, reaching 
a mean peak value of 7.02, and then declines to 4.53 by 60+ 
years post-fire, or about 64% of the peak value. The mean Uhaz 

for young fuels (1–<5 years old) was 3.56, or about 50% of the 
mean peak value. In summary, a karri forest landscape that is 
regularly prescribed burnt is less hazardous than one from 
which fire has been excluded because of the areal proportion 
of young fuels.

Conclusions and management implications

Although fine-fuel weight influences the rate of spread of 
low-to-moderate-intensity forest fires (Cruz et al. 2021), 
there is limited evidence that it has a significant influence 
on the rate of spread of fires burning under extreme fire 
weather conditions. Empirically derived dry eucalypt forest 
fire behaviour models (Cheney et al. 2012; Cruz et al. 2021) 
demonstrate the importance of fuel structure on rate of 
spread. There is growing evidence that, under severe fuel 
and fire weather conditions (dry fuels and hot, dry, windy 
weather), fuel properties such as fuel weight and structure 
have a reduced effect on rate of spread as fires become 
‘weather-dominated’ (Bradstock et al. 2010; Tolhurst and 
McCarthy 2016; Cruz et al. 2022). However, ceteris paribus, 
total available fuel weight, which in mature karri forests 
peaks at about 30 years post-fire and then plateaus, can 
have a significant effect on fireline intensity, flame dimen-
sions and spotting potential across all fire-weather conditions 
(Byram 1959; Burrows 1994; McCaw et al. 2012; Cruz, Sullivan 
et al. 2018; Cruz et al. 2022). Byram’s (1959) measure of fireline 
intensity, which is a function of the weight of fuel consumed 
in the flaming zone, rate of fire spread and the calorific value 
of the fuel, remains the most useful single measure of a fire’s 
damage potential and suppression difficulty; the suppression 
difficulty index (Thompson et al. 2018; Silva et al. 2020) is 

directly proportional to fire intensity (Alexander 1982; Cheney  
1990; Sneeuwjagt et al. 2013; Wotton et al. 2017; Alexander 
and Cruz 2019; Cruz et al. 2022).

If it were possible to exclude fire from karri forests (beyond 
small scientific reference areas), TFFW would be maintained 
at its maximum level (mean about 50 t ha−1) and mean Uhaz 

would be at about 64% of its maximum level. Excluding fire 
from the karri forest for 60+ years to allow the Uhaz level to fall 
to a level similar to young fuels would be a risky strategy that 
would likely result in a cycle of large, damaging bushfires. 
Alternatively, for a mean prescribed-burn interval of eight 
years (an operationally feasible objective), 50% of the forest 
fuel will be ≤four years at any point in time; thus, 50% of the 
forest will be carrying ≤19 t ha−1 of fuel (≥62% below the 
maximum value – Figure 6) and have a Uhaz condition of <  
3.56 (≥50% below the maximum value – Figure 10). Reducing 
the interval between low-intensity fires will increase the area 
of low fuel weight and low Uhaz. We note that, although fuel 
management is an important fire management objective, 
there may need to be trade-offs in fire interval to accommo-
date other forest management objectives and values.

The broad spectrum of benefits of regular landscape pre-
scribed burning at appropriate temporal and spatial scales for 
community protection, bushfire suppression, firefighter safety 
and forest health have been documented elsewhere (e.g. 
Underwood et al. 1985; Fernandes & Botelho 2003; Jurskis  
2005; Turner et al. 2008; Burrows & McCaw 2013; McCaw  
2013; Sneeuwjagt et al. 2013; Fernandes 2015; Plucinski  
2019; Hislop et al. 2020; Morgan et al. 2020; Cruz et al. 2022). 
The challenge for forest-fire managers is to maintain an effec-
tive landscape prescribed-burning program given constraints 
such as limited resources, air-quality issues, and changing 
windows of opportunity associated with climate variability.
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