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Abstract
Extreme fire seasons characterised by very large ‘mega-fires’ have demonstrably increased area
burnt across forested regions globally. However, the effect of extreme fire seasons on fire severity, a
measure of fire impacts on ecosystems, remains unclear. Very large wildfires burnt an
unprecedented area of temperate forest, woodland and shrubland across south-eastern Australia in
2019/2020, providing an opportunity to examine the impact of extreme fires on fire severity
patterns. We developed an atlas of wildfire severity across south-eastern Australia between 1988
and 2020 to test (a) whether the 2019/2020 fire season was more severe than previous fire seasons,
and (b) if the proportion of high-severity fire within the burn extent (HSp) increases with wildfire
size and annual area burnt. We demonstrate that the 2019/2020 wildfires in south-eastern Australia
were generally greater in extent but not proportionally more severe than previous fires, owing to
constant scaling between HSp and annual fire extent across the dominant dry-forest communities.
However, HSp did increase with increasing annual fire extent across wet-forests and the
less-common rainforest and woodland communities. The absolute area of high-severity fire in
2019/2020 (∼1.8 M ha) was larger than previously seen, accounting for∼44% of the area burnt by
high-severity fire over the past 33 years. Our results demonstrate that extreme fire seasons are a
rare but defining feature of fire regimes across forested regions, owing to the disproportionate
influence of mega-fires on area burnt.

1. Introduction

The occurrence of very large and destructive wild-
fires is increasing across forested regions globally
[1–4]. These extreme fires have caused substantial
shifts in fire regimes, including increased area burnt
and fire frequency [5–7]. Climate change is increas-
ing the frequency and duration of climatic condi-
tions conducive for very large wildfires, hence upward
trends in area burnt are projected to continue into
the future in many regions [8–13]. Fires occurring

during extreme fire seasons are often assumed to burn
at high-intensity, resulting in widespread and severe
impacts on ecosystems [14–16], though the evidence
to test this assumption is sparse and shows equivocal
results [17–20]. Establishing whether very large wild-
fires are proportionally more intense or damaging is
vital to estimate the profound social and environ-
mental impacts of future fires [21].

Fire severity is an important characteristic of the
fire regime that describes the effect of fire intensity on
ecosystems. Operationally, fire severity is measured as
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Figure 1. Location of the study region and fire severity mapping for the 2019/2020 wildfires. A detailed view of three mega-fires is
provided to highlight heterogeneous patterns in fire severity within the mapped fire perimeters. These fires are the (a) Gospers
Mountain fire, (b) South Coast fire complex and (c) Tambo-Snowy fire complex. Fire severity classes include unburnt vegetation
(>90% of the ground-layer unburnt), low canopy scorch (<20% canopy scorch), moderate canopy scorch (20%–80% canopy
scorch), high canopy scorch (>80% canopy scorch) and canopy consumption (canopy foliage mostly consumed). The severity
maps have been masked to only show patterns in dry-forest, wet-forest, shrubland, woodland, forested wetland and rainforest
communities.

the degree of consumption of or change in organic
matter resulting from fire, including partial or whole
plant mortality [22]. Patterns in fire severity have a
greater influence on biodiversity and ecosystem func-
tion than area burnt per se. This is particularly evident
across temperate forest and woodland communities,
wheremost tree species display some resistance to fire
through thick insulative bark and tall canopies [23,
24]. Consequently, fire impacts and recovery traject-
ories often vary in response to high-intensity fires that
affect the tree canopy compared with low-intensity
fires that are confined to the understorey [25, 26].
Habitat within the fire extent that remains unburnt or
minimally affected, due to either inherent community
fire resistance or chance, will also provide important
fire refugia for fire-sensitive species and communit-
ies [27]. Quantification of fire severity patterns is crit-
ical for understanding the immediate and long-term
effects of increasing fire activity and impacts on forest
dynamics, biodiversity, carbon emissions and rates of
carbon uptake and storage [24, 26, 28, 29].

Wildfires burnt ∼7 M ha across south-eastern
Australia between September 2019 and March 2020
(referred hereon as the ‘2019/2020 fires’) [30],
representing what is likely the most extensive fire

season across the region since the arrival of Europeans
[21]. The 2019/2020 fires were the most recent in
a sequence of large destructive fire seasons span-
ning several decades, which have included numerous
mega-fires (i.e. 100 000–1.5 M ha in size) [1, 5, 31].
Recent analyses of historical fire records indicate
that the occurrence of large wildfires and annual
area burnt have increased across south-eastern Aus-
tralia since the 1950s [1, 5], owing in part to
an increased occurrence of severe fire weather and
drought [32, 33]. The extraordinary extent of the
2019/2020 fires, on both a national and global scale
[7], provides an opportunity to test whether extreme
fires are also driving changes in patterns of fire
severity.

Here, we established a baseline of fire sever-
ity mapping for past fires to test (a) whether the
unprecedented 2019/2020 fire seasonwasmore severe
than previous fire seasons, and (b) if the propor-
tion of high-severity fire within fire perimeters (HSp)
increases with increasing wildfire extent. The study
focused on native woody vegetation communities
across the temperate biome of south-easternAustralia
(figure 1) owing to the frequent occurrence of major
wildfires [2, 5] and availability of a widely validated
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technique to produce very accurate fire severity map-
ping (∼88% classification accuracy) [34].We used an
environmental definition of high-severity fire, which
included severity classes that result in widespread
mortality or foliage loss in the canopy layer of a
vegetation community (i.e. fires that cause substan-
tial changes to ecosystem structure and function)
[25, 29, 35].

Our analysis focuses on severity patterns dur-
ing extreme fire seasons and mega-fires, given their
disproportionate contribution to area burnt.Here, we
define an extreme fire season as one that includes one
or more mega-fire(s). The definition of ‘mega-fire’
varies across biomes and studies, and may incorpor-
ate fire size, difficulty of suppression, and impact [36].
Here, we define a ‘mega-fire’ as a wildfire or wildfire
complex that encompasses more than 100 000 ha of
native woody vegetation. The mega-fires identified in
our study also consisted of large areas burnt at high-
severity (>50 000 ha). This definition is broadly con-
sistent with prior studies of mega-fires in temperate
forests of south-eastern Australia [31].

2. Methods

2.1. Study area
The study focused on native woody vegetation com-
munities in the temperate biome of mainland south-
eastern Australia, extending from the Sydney basin
in the north to the western border of Victoria in the
south-west (figure 1). The study region encompassed
∼13million ha of native forest, woodland and shrub-
land, with dry- and wet-eucalypt forests dominating
the region (figure S1). We focused on large wildfires
(>2500 ha) that burnt within the temperate biome
between 1988 and 2020 (n = 260). We targeted large
fires because they account for∼92% of the area burnt
by wildfire across the biome, and can have the greatest
social and environmental impacts [30, 37].

2.2. Vegetation communities
Vegetation maps (∼15 m resolution) were acquired
from the Victorian Department of Environment,
Land, Water and Planning; New SouthWales Depart-
ment of Planning, Industry and Environment; and
Australian Capital Territory Government. Vegetation
classes were reclassified into a consistent schema
based on broad vegetation communities described
in Keith [38]. Native woody vegetation communit-
ies considered in our study included dry-forest
(5.53 M ha), wet-forest (4.81 M ha), woodland
(1.94 M ha), shrubland (0.55 M ha), forested wet-
land (0.26 M ha), and rainforest (0.19 M ha). All
six vegetation communities occur across the extent of
the study biome (figure S1). However, forested wet-
land and rainforest communities rarely form large
expansive stands. Forested wetland and rainforest
communities are typically restricted in their distribu-
tion, the former being confined to riparian corridors

and floodplains and the latter tomesic gullies ormisty
mountains and plateaus [38].

The majority (>95%) of plant species occurring
in the dry-forest, wet-forest, wetland, woodland and
shrubland communities possess the capacity to regen-
erate shortly following fire through vegetative recov-
ery (i.e. resprouters) or post-fire seedling recruitment
(i.e. seeders) [39]. Rainforests have a higher compos-
ition of species lacking a persistent seedbank or the
capacity to resprout (∼18% of species) [39]. Dry-
and wet-forests are largely dominated by eucalypt
trees (i.e. Eucalyptus, Corymbia and Angophora spp.)
that can resprout from branches and stems following
high-severity fire (i.e. epicormic resprouting), with
fire-sensitive obligate seeder eucalypts being restric-
ted to wetter and cooler environments [40]. Wood-
lands are dominated by eucalypts that resprout from
the stem base (i.e. basal resprouters) in montane
areas and epicormic resprouters on the coast and
plains [38, 41]. Shrubland and rainforest canopies
are dominated by a combination of basal resprouters
and obligate seeders, while forested wetlands are typ-
ically dominated by epicormic resprouters [38, 40,
41]. Descriptions of the communities and the fire
response of dominant canopy species are provided in
table 1.

Fire regimes vary across vegetation communit-
ies, with typical inter-fire intervals being shorter in
the dry-forests and shrublands (∼5–20 years), than
woodlands, wet-forests and forestedwetlands (∼20 to
>100 years) or rainforests (>100 years) [40, 41, 47].
Dry- and wet-forest communities are characterised
by mixed-severity fires [15], with fire intensity typ-
ically ranging from 1000 to 10 000 kW m−1, though
intensity can exceed 50 000 kW m−1 under extreme
conditions [40, 47]. Shrublands typically experience
canopy defoliating fires, which burn at moderate- to
high-intensity (i.e. 1000–10 000 kW m−1), whereas
woodlands typically experience low- to moderate-
intensity (<5000 kW m−1) surface fires [47]. Rain-
forest communities are fire resistant [40] and only
burn during periods of extreme drought [48], with
fires typically being patchy and of low-intensity
(<100 kWm−1) [47].

2.3. Fire severity mapping
Fire severity mapping was derived using Landsat
imagery (30 m resolution) and a random forest clas-
sifier that had been rigorously trained and validated
using 43 wildfires that occurred across the study area
[34, 49] (see supplementary information (available
online at stacks.iop.org/ERL/16/044029/mmedia)).
The fires used in the training dataset occurred
between 2006 and 2019, covered the entire extent
of the study region, and incorporated all woody
vegetation communities considered in the study [34].
The wildfires used to train and validate the ran-
dom forest classifier includedmajor fires during peri-
ods of extreme drought (e.g. 2007, 2009), as well as
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Table 1. Description of woody vegetation formations and the fire response of canopy species. Canopy species response refers to the
dominant fire response syndrome(s) for the canopy species within the vegetation community. Response codes are: epicormic resprouter
(Re), basal resprouter (Rb) and obligate seeder (OS). Canopy resistance threshold refers to the fire severity classes which cause major
change to the structure and/or composition of the canopy layer, via consumption of foliage and/or high rates of branch, stem or whole
plant mortality. References are provided in parentheses.

Vegetation formation Description
Canopy species
response [39]

Canopy resistance
exceeded

Wet forest Open canopy layer (30%–70% cover),
30–100 m tall, dominated by species
from the genera Eucalyptus, Corymbia
and Angophora [38, 40].

Re, OS High canopy scorch,
canopy consumption
[42–45]

Dry forest Open canopy layer (30%–70% cover),
<30 m tall, dominated by species from
the genera Eucalyptus, Corymbia and
Angophora [38, 40].

Re High canopy scorch,
canopy consumption
[25, 43, 44]

Forested wetlands Open to closed canopy layer (<70%
cover), <40 m tall, dominated by
species from the genera Eucalyptus,
Angophora, Casuarina, Melaleuca [38].

Re, OS High canopy scorch,
canopy consumption
[25, 43, 44]

Rainforest Closed canopy (>70% cover), 10–
30 m tall. Canopy is dominated by
species from numerous genera e.g.
Acacia, Acmena, Atherosperma, Dory-
phora, Elaeocarpus, Nothofagus, Pitto-
sporum [38].

Rb, OS Moderate to high
canopy scorch, can-
opy consumption
[46]

Woodland Open canopy layer (10%–30% cover),
<30 m tall, dominated by species from
the genera Eucalyptus, Corymbia and
Angophora [38, 40].

Re, Rb High canopy scorch,
canopy consumption
[25, 43, 45]

Shrubland Open to dense canopy layer composed
of shrub species up to 5 m tall, with
sparse distribution of emergent euca-
lypts [38]. Shrub canopy is dominated
by species from numerous genera e.g.
Allocasuarina, Banksia, Hakea, Isopo-
gon, Kunzea, Leptospermum.

Rb, OS Low to high canopy
scorch, canopy con-
sumption

conditions of less severe water deficit (e.g. 2006, 2011,
2014) [48]. The breadth of environmental conditions
included in the training datamakes the random forest
approach well suited for mapping fire severity across
space and time over the temperate biome [34].

Five fire severity classes are mapped by the
random forest classifier based on the amount of
scorching and consumption of foliage observed in
the understorey and canopy layers. Classes included
unburnt vegetation, low canopy scorch (<20% can-
opy scorch), moderate canopy scorch (20%–80%
canopy scorch), high canopy scorch (>80% canopy
scorch) and canopy consumption (canopy foliage
mostly consumed) [34]. The unburnt class occasion-
ally included a low level of understorey fire (<10% of
the ground-layer burnt), owing to sub-pixel patchi-
ness of fire. These classes are routinely applied across
eucalypt forests as they are meaningful both eco-
logically and from a fire management perspective
[50, 51]. Spatially independent cross-validation of
the random forest classifier has found a very high
user’s accuracy (i.e. how often a mapped class is
present on ground) for the unburnt (89%), high can-
opy scorch (89%) and canopy consumption classes
(97%), and high accuracy for the low canopy scorch

(81%) and moderate canopy scorch (72%) classes
[34], outperforming traditional single-index severity
mapping approaches using only the normalised burn
ratio [52].

The fire severitymapping process involved the fol-
lowing steps: (a) defining the fire perimeter, start-
and end-dates; (b) creating cloud-free pre- and post-
fire mosaics within the fire perimeter using Landsat
imagery; (c) deriving spectral indices using the Land-
sat mosaics; and (d) producing a severity map for the
fire perimeter using the spectral indices and random
forest classifier [34]. The pre- and post-fire mosaics
were derived over a short window (i.e.∼1–3months)
that commenced immediately before and after the
fire, respectively. The immediate post-fire period was
targeted because of the rapid recovery of the spectral
signal following fire across the fire-resilient forest and
woodland communities of south-eastern Australia
[49]. We used Google Earth Engine [53] for image
acquisition and processing, and the implementation
of the random forest classifier [52]. A detailed over-
view of the mapping procedure is provided as supple-
mentary information (S2).

Mapped wildfire perimeters were obtained from
state government agencies (Victorian Department of
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Environment, Land, Water and Planning; New South
Wales Department of Planning, Industry and Envir-
onment; New South Wales Rural Fire Service) and
were used to identify all large wildfires over the
study period. Thesemanuallymapped fire perimeters
have a stated accuracy of ∼10–100 m [54] and were
deemed suitable for defining the fire extent for the
severity mapping. Inspection of themapped perimet-
ers during the fire severity mapping process revealed
some inconsistencies in the accuracy of fire peri-
meter mapping over time and jurisdiction, owing to
the implementation of technological andmethodolo-
gical improvements (e.g. use of post-fire aerial pho-
tography for perimeter delineation) [51]. During the
severity mapping process, we adjusted the mapped
perimeters in instances where the perimeter clearly
underestimated fire extent (i.e. where scorched can-
opies fell outside the burn perimeter), based on visual
assessment of Landsat scenes obtained post-fire. We
did not alter perimeters in instances where fire extent
appeared to be overestimated, due to difficulties in
detecting patchy low-intensity fires using satellite
imagery. Such discrepancies in perimeter mapping
will likely be a minor source of error in calculations
of the absolute area of unburnt vegetation and veget-
ation experiencing low canopy scorch, given the large
size of fires (thousands to millions of hectares) and
generally small error of the perimetermapping (∼10–
100m). This level of error is present in all assessments
of burn extent based on satellite imagery.

2.4. Fire severity metrics
We calculated the area affected by each fire severity
class over the duration of a fire season (1 July to 30
June) for each of the six native vegetation communit-
ies from 1988 to 2020. The study covered the period
over which Landsat imagery was available for south-
eastern Australia in Google Earth Engine. We did not
consider communities such as grasslands, plantations
or cleared habitat that had been revegetated. The pro-
portional contribution of each fire severity class to
annual fire extent was also calculated to provide a
relativised measure of fire severity. Calculations of
annual fire extent included unburnt patches within
fire perimeters. Area and proportion burnt by each
severity class was calculated at both the biome and
vegetation community scale.

High-severity fire was defined by using canopy
species fire resistance thresholds, which are those
fire severity classes that trigger widespread canopy
foliage loss and/or branch, stem or whole plant mor-
tality within a vegetation community (see table 1).
The proportion of high-severity fire across the entire
extent within the fire perimeters (i.e. HSp), includ-
ing unburnt patches, was calculated (a) for each dis-
crete wildfire event and (b) for every fire season. The
per-fire calculations focused on HSp irrespective of
vegetation community. HSp was calculated at both
the biome and vegetation community scales for each

fire season. The area of high-severity patches was also
calculated for each wildfire.

2.5. Statistical analysis
Analysis of fire severity data summarised per fire sea-
son excluded years when annual fire extent was con-
sidered small to minimise the influence of localised
fire behaviour on the proportional contribution of
the severity classes. Fire seasons were excluded from
analysis for the dry-forest, wet-forest, woodland and
shrubland communities if less than 1000 ha fell within
the mapped fire perimeters. A 100 ha threshold was
used for the forested wetland and rainforest com-
munities because of their restricted distribution. A
5000 ha threshold was used when analysis was under-
taken at the biome scale. Sample sizes were n= 26 for
the biome, n = 20 for shrubland, n = 20 for wood-
land, n = 26 for dry-forest, n = 25 for wet-forest,
n= 21 for forested wetland and n= 20 for rainforest.
For analysis at the wildfire scale, we only considered
fires that affected more than 1000 ha of native woody
vegetation (n= 247).

We examined the area and proportion burnt by
each severity class annually to assess whether the
2019/2020 fire season was more severe than previ-
ous fire seasons (i.e. 1988–2019). Analysis was under-
taken independently for each vegetation community.
Boxplots of the annual area and proportion burnt
by each severity class were produced for each veget-
ation community using data from 1988 to 2019, to
provide context for the 2019/2020 wildfires. The 5th
and 95th percentiles were calculated over this period
(i.e. 1988–2019) for each combination of severity
class and vegetation community to determine if the
2019/2020 wildfires exceeded the 32 year baseline.

The relationship between wildfire extent andHSp
was analysed independently for each vegetation com-
munity using beta regression, as this is appropriate
when modelling continuous proportions [55]. Gen-
eralised additive models were used to account for
non-linear relationships between wildfire extent and
HSp [56], which were evident in the woodland, dry-
forest and wet-forest communities. Generalised lin-
ear mixed-models were used to model the relation-
ship between fire size and HSp for discrete wild-
fire events, with fire season being included as a ran-
dom effect in themodels. Fire extent was transformed
using a natural logarithm for both sets of analysis.
Pearsons residuals were plotted against fitted val-
ues to check for any systematic patterns in variance
[55]. We tested the significance of models contain-
ing fire extent through comparison to the null model
using the likelihood-ratio test [56]. Bootstrapping
(n = 1000 simulations) was used to derive 95% con-
fidence intervals for model predictions.

The relationship between the maximum and
mean size of high-severity patches and wildfire size
was assessed using a mixed-model approach with a
gaussian distribution, with fire size included as a fixed
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effect and fire season included as a random effect in
the models. Analysis focused on patches greater than
0.25 ha (i.e. ⩾3 connected pixels) to ensure the res-
ults were not influenced by very localised occurrences
of high-severity fire. Mean and maximum patch size
(×1000 ha) were transformed using a natural logar-
ithm to meet the model assumptions. Wildfire size
was transformed using a natural logarithm.We found
evidence of non-linearity in the relationship between
high-severity patch size and fire size, so generalised
additive models were used. Models were tested using
the likelihood ratio test as described above. Con-
fidence intervals were derived using bootstrapping
(n= 1000).

Statistical analysis was undertaken in R statistical
software [57]. Generalised additive models were fit-
ted using the ‘mgcv’ package [58] and generalised lin-
ear mixed-models were fitted using the ‘glmmTMB’
package [59].

3. Results

A total of 10.5 million ha of native woody veget-
ation was mapped within the fire perimeters over
the 33 year study period. Dry-forests accounted for
most of the area affected by fire (47.5%), followed
by wet-forests (35.5%), woodlands (11.3%), shrub-
lands (3.6%), rainforests (1.3%) and forested wet-
lands (0.8%). Low canopy scorch was the most com-
mon fire severity class recorded (30.7%), followed by
high canopy scorch (26.7%),moderate canopy scorch
(19.9%), canopy consumption (11.9%) and unburnt
refugia (10.8%). Three extreme fire seasons (i.e. 2003,
2007, 2020), each impacting >1M ha of native woody
vegetation, accounted for 70.7%of the total fire extent
(7.4 M ha) (figure 2(a)). Mega-fires (n = 15) repres-
ented only 5.8% of fires greater than 2500 ha over
the study period, but accounted for 67.8% of the
total fire extent (figures 2(b) and (c)). The 2019/2020
fire extent encompassed 4.0 M ha, with 8.8% recor-
ded as unburnt in our severity mapping (figure 1).
Approximately 14% (1.8Mha) of nativewoody veget-
ation across the study biome was impacted by high-
severity fire during the 2019/2020 season, accounting
for 43.6% of the total area burnt by high-severity fire
recorded over the past 33 years.

The total area burnt within each severity class in
2019/2020 exceeded that of any of the other 32 fire
seasons for most vegetation communities, with the
exception of four severity classes in woodlands and
one in forested wetlands, which fell between the 75th
percentile and the maximum (figure 3). Despite their
massive extent, fire severity patterns were highly het-
erogeneous across the 2019/2020 fires, with no single
severity class accounting for >40% of the area burnt
in a vegetation community (figure 3). The proportion
of the overall area burnt in each severity class in the
2019/2020 season mostly fell within the range recor-
ded over the previous 32 years (figure 3). However,

rainforest and woodland communities experienced
proportionally greater extent of canopy consuming
fire than previously recorded, and in the case of rain-
forest, proportionally less unburnt refugia (figure 3).

High-severity fire accounted for less than 50% of
the total area burnt during most extreme fire seasons
characterised by one or more mega-fires (i.e. 1994,
2003, 2007, 2014, 2020), the exception being the 2009
fires (figure 4(a)). HSp did not increase with annual
fire extent when assessed at the biome scale, or within
the dry-forest community (p > 0.05; figures 4(a)–
(b)). However, HSp increased as annual fire extent
increased within wet-forest, woodland and rain-
forest communities (p < 0.05), reaching an asymp-
tote at ∼50 000 ha in woodlands and wet-forests
(figures 4(c)–(e)). Rainforest showed the greatest
absolute change in HSp with fire extent (figure 4).

Wildfire size had a significant effect on HSp
(χ2

1 = 9.388, n= 247, p= 0.002), with HSp increas-
ing as wildfire extent increased over several orders of
magnitude (102–106 ha; figure 5(a)). However, this
largely reflected differences between the extremes in
fire size, with constant scaling between high-severity
fire and fire size being observed for wildfires greater
than 20 000 ha (χ2

1 = 0.019, n = 61, p = 0.890)
and those less than 20 000 ha (χ2

1 = 1.687, n = 186,
p = 0.194; figure 5(a)). High-severity fire accounted
for between 26.8% and 62.9% (mean = 45.7%) of
the total extent of mega-fires (i.e. fires > 100 000 ha;
figure 5(b)). There was considerably less variation
in HSp for mega-fires than other smaller fires
(figure 5(b)).

The maximum size of high-severity patches
increased with wildfire size (χ2

4.87 = 524.908,
n = 247, p < 0.001), whereas the mean size of high-
severity patches showed a somewhat asymptotic rela-
tionship with fire size, ranging between 160 and
200 ha for mega-fires (χ2

3.69= 37.163, n = 247,
p < 0.001) (figure 6). The maximum size of high-
severity patches ranged between 8431 and 148 681 ha
for mega-fires (mean = 38 005 ha), which exceeded
the median size of large fires considered in the study
(i.e. 7417 ha).

4. Discussion

Extreme fire seasons characterised by mega-fires have
shaped contemporary fire regimes across the tem-
perate forest biome of south-eastern Australia, owing
to their disproportionate contribution to area burnt
[5, 7]. By considering the 2019/2020 season in the
context of the last 33 fire seasons, we have developed
insight into the nature of extreme fires in terms of
their severity. Our analysis reveals that the 2019/2020
fires were not proportionally more severe than pre-
vious fires (1988–2019), owing to the constant scal-
ing between high-severity fire and annual fire extent
across the fire prone dry-forest communities. How-
ever, the sheer size of the 2019/2020 fires means
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Figure 2. (a) Annual and cumulative area burnt (million ha), (b) number of mega-fires, and (c) the contribution of fires to total
area burnt from 1988 to 2020. Fires in (c) have been ranked from largest to smallest, with the broken line identifying the
contribution of mega-fires to the total area burnt and number of fires.

that an unprecedented area of south-eastern Aus-
tralia experienced high-severity fire in a single sea-
son. These fires account for almost half (∼44%) the
high-severity fire experienced in the past 33 years,
demonstrating the potentially transformative effects
of extreme fire seasons on fire regimes and Australian
ecosystems [2].

The vast expanse of high-severity fire recorded
during the 2019/2020 season will leave a severe and

long-lasting imprint on native vegetation communit-
ies across south-eastern Australia. The loss of can-
opy cover and vegetation structure will have imme-
diate impacts on ecosystem condition and function,
including substantial emissions of greenhouse gases,
loss of habitat and biodiversity, and increased surface
water flow and likelihood of erosion [2]. Although
vegetation communities across south-eastern Aus-
tralia are characteristically resilient to wildfire [39],
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Figure 3. Boxplots depicting the extent and proportion of each severity class from 1988 to 2019 for each vegetation formation
with circles showing data for the 2019/2020 season. Boxplots depict the median (bold line), quartiles (box) and extreme values
(whiskers). The bold horizontal bars on the whiskers are the 5th and 95th percentiles (1988–2019). Fire severity classes
represented in the legend are unburnt (UB), low canopy scorch (LCS), moderate canopy scorch (MCS), high canopy scorch
(HCS) and canopy consumption (CC). We used data for fire seasons in which the burn extent exceeded 1000 ha for the
widespread dry-forest, wet-forest, woodland and shrubland communities. A 100 ha threshold was used for rainforest and forested
wetland communities because of their restricted distribution. Sample sizes refer to the number of seasons that were used to derive
the boxplots and percentiles for each vegetation community.

the time required for vegetation to recover to pre-
fire conditions will vary considerably. For example,
the time required for the recovery of canopy struc-
ture and biomass following high-severity fire in com-
munities dominated by eucalypts that are oblig-
ate seeders (e.g. E. regnans, E. delegatensis) or basal
resprouters (e.g. E. pauciflora; >100 years) can be an
order of magnitude greater than in forests dominated
by epicormic resprouters (i.e. 10–20 years) [40, 60].
The severity and longevity of such impacts will be
considerably less in areas affected by low-severity fires
that do not exceed the resistance thresholds of canopy
species [25, 29]. Thus, while ecosystem recovery may
be rapid across much of the biome (e.g. dry- and wet-
eucalypt forests), it may take centuries across some
fire-sensitive communities affected by high-severity
fire (e.g. rainforest and montane woodlands) [40].

Fire refugia are critical for the survival and persist-
ence of many populations of fire-sensitive plants and
animals within the fire perimeter [61]. Initial assess-
ments of biodiversity loss arising from the 2019/2020
fires, which did not account for fire severity, paint
an extremely grim picture e.g. nearly 3 billion anim-
als impacted and substantial loss of habitat for many
threatened fauna [37, 62]. A positive message arising
from our analysis is that ∼9% of the total mapped
extent of the fires remained unburnt and a further
28% experienced low canopy scorch (i.e. minimal

disturbance to the canopy). The large extent of the
2019/2020 fires will undoubtably elevate the import-
ance of fire refugia for population recovery of fire-
sensitive fauna with poor dispersal ability [27]. The
protection and management of unburnt and minim-
ally affected habitat both within and surrounding the
2020 fire perimeters should be of high priority for
decades to come [37].

There has been a common misconception that
mega-fires burn homogeneously at high-severity,
owing to the occurrence of expansive ‘runs’ of high-
intensity fire during these events [14, 15]. We found
that extreme fire seasons characterised by mega-
fires display heterogeneous fire severity patterns, with
high-severity fire rarely exceeding 50% of the total
fire extent.Mega-fires typically burn for several weeks
or months across complex terrain and fuel types
under a broad range of weather conditions, result-
ing in a high degree of heterogeneity in fire beha-
viour and severity across the fire extent (figure 1)
[15, 63]. Consequently, mega-fires display a more
balanced and less variable composition of high- and
low-severity fire than other fires (i.e. <100 000 ha;
figure 5(b)), as smaller fires typically burn under a
more restricted range of environmental conditions.
These results are important, given that many regions
globally are experiencing an increased incidence of
mega-fires, e.g. California [64], Chile [65], Canada
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Figure 4. Fitted relationships between the proportion of high-severity fire (HSp) within the fire extent and total fire extent
(natural log-scale). Solid lines show the fitted mean and shaded areas show the 95% confidence intervals. Confidence intervals
were derived through bootstrapping (n= 1000 samples). Extreme fire seasons with one or more mega-fire events have been
highlighted. Boxplots depict the median (bold line), quartiles (box) and extreme values (whiskers) for HSp. We used data for fire
seasons in which the annual area burnt exceeded 5000 ha across the entire biome or 1000 ha for the widespread dry-forest,
wet-forest and woodland communities. A 100 ha threshold was used for rainforest communities because of their restricted
distribution. Shrublands are not presented as canopy loss generally occurs when these communities are burnt. Forested wetlands
are not presented due to the small area burnt in this community.

[3], Portugal [66] and Siberia [67]. However, the
positive correlation between the maximum size of
high-severity patches andwildfire size, highlights that
mega-fires will have widespread and severe impacts
on ecosystems within burned areas (figure 1). Many
of these large (>10 000 ha) patches of high-severity
fire are the result of extreme fire behaviour occurring
during pyroconvective events [68], which although
rare, are commonly associated with mega-fire devel-
opment in Australian forests (e.g. 2003, 2007, 2009
and 2020 mega-fires) [1, 21, 68]. Similar relation-
ships between high-severity patch size and wildfire
extent have been observed across the forested biome
of North America [17, 69]. Further, in the same
region, there is no evidence of changes in fire intens-
ity (which influences fire severity) in recent history,

despite increases in fire size and frequency over the
same period (2003–2016, [4]).

We found evidence that high-severity fire had
a proportionally greater contribution to area burnt
during extreme fire seasons within specific vegeta-
tion communities, which is consistent with observed
fire severity patterns elsewhere (e.g. Western United
States; [17, 70]). Wet-forest, woodland and rain-
forest communities had an increased propensity for
high-severity fire with increasing annual area burnt.
This likely reflects the impact of extreme antecedent
drought on the flammability of mesic microclimates
occupied by these communities [48]. Fire extent
within temperate forests and woodlands is strongly
constrained by fuel moisture [71, 72], which varies
as a function of drought and microclimate [73, 74].
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Figure 5. Relationship between fire size and proportion of high-severity fire (HSp). (a) Fitted relationships are for models using
fires that burnt more than 1000 ha (black line), between 1000 and 20 000 ha (blue line) and greater than 20 000 ha (red line) of
native woody vegetation. Lines show the fitted mean and shaded polygons show the 95% confidence intervals derived using
bootstrapping (n= 1000 simulations). Statistically significant relationships are depicted with solid lines and non-significance is
depicted with broken lines. The red and blue circles show fires greater and less than 20 000 ha, respectively. (b) Boxplots showing
variation in HSp across four fire size classes. Boxplots depict the median (bold line), mean (white circle), quartiles (box) and
extreme values (whiskers). The bold horizontal bars on the whiskers are the 2.5th and 97.5th percentiles.

Figure 6. Relationship between wildfire size and (a) maximum and (b) mean high-severity patch size. Lines show the fitted mean
and shaded polygons show the 95% confidence intervals derived using bootstrapping (n= 1000 simulations).

In wet-forests, rainforests and montane woodlands,
high spatial connectivity of dry fuel is confined to
periods of extreme drought coupled with low relative
humidity [48], which are conditions that are favour-
able for high-intensity fire [75, 76]. In contrast, the
dry-forest communities burn under a much broader
range of weather conditions [48], resulting in het-
erogenous fire severity patterns, irrespective of fire
size.

Extreme fire seasons may have profound
consequences for the conservation of temperate

rainforests across south-eastern Australia. Although
many rainforest trees can resprout following low-
severity fire, they are top-killed by intense fires that
cause high canopy scorch or consumption, with
most species lacking the capacity to recruit following
these extreme events [39]. The 2019/2020 fires may
have transformed between 15% and 23% (28 043–
42 962 ha) of temperate rainforest to an alternative
state, requiring centuries for recovery, if recovery is
at all possible under south-eastern Australia’s drying
climate [77]. Increasing drought, coupled with large
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wildfires, will undoubtably result in the contraction
of temperate rainforest communities, many of which
are World Heritage listed, to the most fire-resistant
topographic refugia in the future [77, 78].

Large and extreme wildfires typically occur across
temperate forests when periods of extreme fuel desic-
cation (i.e. drought) coincide with weather condi-
tions that promote rapid fire spread, such as severe
surface fire weather or conditions that facilitate
fire-atmosphere coupling (i.e. pyroconvective fires)
[68, 72, 79]. Climate change is projected to increase
the length and severity of drought and increase the
frequency of days with severe fire weather and con-
ditions conducive to the development of pyrocon-
vective fires across large areas of south-eastern Aus-
tralia [33, 68, 78]. Consequently, fire size, annual
area burnt and fire intensity are projected to increase
over the coming decades [80–82], with greater expos-
ure of ecosystems to high-severity fire being a prob-
able outcome, owing to the proportionality between
area burnt and high-severity fire (figure 4) [83]. Fire
severity patterns in rainforest, wet-forest and mont-
ane woodland communities may show greater sensit-
ivity to the effects of increased area burnt under cli-
mate change than dry-forest communities. Although
feedbacks between vegetation, climate and fire have
the potential to mitigate the effect of climate change
on fire extent and severity [84, 85], broadscale climate
and fire-induced fuel limitation appears unlikely
across much of south-eastern Australia this century
[82, 86].

5. Conclusions

The 2019/2020 fires have substantially increased area
burnt across forested regions of south-eastern Aus-
tralia [5, 7], exposing approximately 14% (1.8 M ha)
of native woody vegetation across the study biome to
the effects of high-severity fire. These fires account
for almost half the high-severity fire recorded over
the 33 year study period, highlighting that their
impact on ecosystem structure and function will
greatly exceed that of recent major fire seasons across
south-eastern Australia (i.e. 2003, 2007 and 2009).
Despite the extent of high-severity fire, fire severity
patterns displayed considerable heterogeneity, with
areas of unburnt and minimally impacted vegeta-
tion offering opportunities for the persistence and
recovery of fire sensitive organisms. Observed pro-
portionality between area burnt and high-severity
fire suggests that increased fire activity over recent
decades has resulted in increased exposure of eco-
systems to high-severity fire [5, 83], as has been
observed across forested regions elsewhere [17, 87].
Identification and implementation of management
actions that increase ecosystem resistance to high-
severity fire will likely be necessary to mitigate the
elevated risk of extreme fire seasons in the future
[2, 88].

Data availability statement

The data that support the findings of this study are
available upon reasonable request from the authors.

Acknowledgments

L C was supported by Post-doctoral Fellowships
at La Trobe University and Arthur Rylah Insti-
tute, and the University of Melbourne. We thank
Dr Rebecca Gibson for compiling the vegetation
mapping and assisting with validation of fire severity
mapping in New South Wales. We thank Dr Ashley
Sparrow for providing feedback on an earlier draft of
the manuscript.

Author contributions

L C, R A B, H C, M F C, R H N and T D P conceived
the ideas for the paper. L C undertook the analysis and
led the writing. R A B, H C, M F C, R H N and T D P
contributed to writing the paper.

ORCID iDs

Luke Collins https://orcid.org/0000-0001-8059-
0925
Ross A Bradstock https://orcid.org/0000-0002-
6904-2394
Hamish Clarke https://orcid.org/0000-0002-8747-
3729
Michael F Clarke https://orcid.org/0000-0003-
1138-2908
Rachael H Nolan https://orcid.org/0000-0001-
9277-5142
Trent D Penman https://orcid.org/0000-0002-
5203-9818

References

[1] Sharples J J, Cary G J, Fox-Hughes P, Mooney S, Evans J P,
Fletcher M-S, FrommM, Grierson P F, McRae R and Baker P
2016 Natural hazards in Australia: extreme bushfire Clim.
Change 139 85–99

[2] Bowman DM J S, Kolden C A, Abatzoglou J T,
Johnston F H, van der Werf G R and Flannigan M 2020
Vegetation fires in the Anthropocene Nat. Rev. Earth
Environ. 1 500–15

[3] Kirchmeier-Young M C, Gillett N P, Zwiers F W, Cannon A J
and Anslow F S 2019 Attribution of the influence of
human-induced climate change on an extreme fire season
Earth’s Future 7 2–10

[4] Cattau M E, Wessman C, Mahood A and Balch J K 2020
Anthropogenic and lightning-started fires are becoming
larger and more frequent over a longer season length in the
USA Global Ecol. Biogeogr. 29 668–81

[5] Lindenmayer D B and Taylor C 2020 New spatial analyses of
Australian wildfires highlight the need for new fire, resource,
and conservation policies PNAS 117 12481–5

[6] Stocks B J et al 2002 Large forest fires in Canada, 1959–1997
J. Geophys. Res. 107 8149

[7] Boer MM, Resco de Dios V and Bradstock R A 2020
Unprecedented burn area of Australian mega forest fires Nat.
Clim. Change 10 171–2

11

https://orcid.org/0000-0001-8059-0925
https://orcid.org/0000-0001-8059-0925
https://orcid.org/0000-0001-8059-0925
https://orcid.org/0000-0002-6904-2394
https://orcid.org/0000-0002-6904-2394
https://orcid.org/0000-0002-6904-2394
https://orcid.org/0000-0002-8747-3729
https://orcid.org/0000-0002-8747-3729
https://orcid.org/0000-0002-8747-3729
https://orcid.org/0000-0003-1138-2908
https://orcid.org/0000-0003-1138-2908
https://orcid.org/0000-0003-1138-2908
https://orcid.org/0000-0001-9277-5142
https://orcid.org/0000-0001-9277-5142
https://orcid.org/0000-0001-9277-5142
https://orcid.org/0000-0002-5203-9818
https://orcid.org/0000-0002-5203-9818
https://orcid.org/0000-0002-5203-9818
https://doi.org/10.1007/s10584-016-1811-1
https://doi.org/10.1007/s10584-016-1811-1
https://doi.org/10.1038/s43017-020-0085-3
https://doi.org/10.1038/s43017-020-0085-3
https://doi.org/10.1029/2018EF001050
https://doi.org/10.1029/2018EF001050
https://doi.org/10.1111/geb.13058
https://doi.org/10.1111/geb.13058
https://doi.org/10.1073/pnas.2002269117
https://doi.org/10.1073/pnas.2002269117
https://doi.org/10.1029/2001JD000484
https://doi.org/10.1029/2001JD000484
https://doi.org/10.1038/s41558-020-0716-1
https://doi.org/10.1038/s41558-020-0716-1


Environ. Res. Lett. 16 (2021) 044029 L Collins et al

[8] Abatzoglou J T and Williams A P 2016 Impact of
anthropogenic climate change on wildfire across western US
forests PNAS 113 11770–5

[9] Turco M, Rosa-Cánovas J J, Bedia J, Jerez S, Mont́avez J P,
Llasat M C and Provenzale A 2018 Exacerbated fires in
Mediterranean Europe due to anthropogenic warming
projected with non-stationary climate-fire models Nat.
Commun. 9 3821

[10] Barbero R, Abatzoglou J T, Larkin N K, Kolden C A and
Stocks B 2015 Climate change presents increased potential
for very large fires in the contiguous United States Int. J.
Wildland Fire 24 892–9

[11] Khorshidi M S, Dennison P E, Nikoo M R, AghaKouchak A,
Luce C H and Sadegh M 2020 Increasing concurrence of
wildfire drivers tripled megafire critical danger days in
Southern California between 1982 and 2018 Environ. Res.
Lett. 15 104002

[12] Goss M, Swain D L, Abatzoglou J T, Sarhadi A, Kolden C A,
Williams A P and Diffenbaugh N S 2020 Climate change is
increasing the likelihood of extreme autumn wildfire
conditions across California Environ. Res. Lett. 15 094016

[13] Kitzberger T, Falk D A, Westerling A L and Swetnam TW
2017 Direct and indirect climate controls predict
heterogeneous early-mid 21st century wildfire burned area
across western and boreal North America PLoS One
12 e0188486

[14] Adams M A, Shadmanroodposhti M and Neumann M 2020
Causes and consequences of Eastern Australia’s 2019–20
season of mega-fires: a broader perspective Glob. Change
Biol. 26 3756–8

[15] Bradstock R A 2008 Effects of large fires on biodiversity in
south-eastern Australia: disaster or template for diversity?
Int. J. Wildland Fire 17 809–22

[16] Attiwill P and Binkley D 2013 Exploring the mega-fire
reality: a ‘forest ecology and management’ conference For.
Ecol. Manage. 294 1–3

[17] Reilly M J, Dunn C J, Meigs G W, Spies T A, Kennedy R E,
Bailey J D and Briggs K 2017 Contemporary patterns of fire
extent and severity in forests of the Pacific Northwest, USA
(1985–2010) Ecosphere 8 e01695

[18] Doerr S H and Santín C 2016 Global trends in wildfire and
its impacts: perceptions versus realities in a changing world
Phil. Trans. R. Soc. B 371 20150345

[19] Parks S A, Holsinger L M, Panunto M H, Jolly WM,
Dobrowski S Z and Dillon G K 2018 High-severity fire:
evaluating its key drivers and mapping its probability across
western US forests Environ. Res. Lett. 13 044037

[20] Dillon G K, Holden Z A, Morgan P, Crimmins M A,
Heyerdahl E K and Luce C H 2011 Both topography and
climate affected forest and woodland burn severity in two
regions of the western US, 1984–2006 Ecosphere 2 art130

[21] Bowman DM J S, Williamson G J, Yebra M,
Lizundia-Loiola J, Lucrecia Pettinari M, Shah S, Bradstock R
and Chuvieco E 2020 Wildfires: Australia needs national
monitoring agency Nature 584 188–91

[22] Keeley J E 2009 Fire intensity, fire severity and burn severity:
a brief review and suggested usage Int. J. Wildland Fire
18 116–26

[23] Clarke P J, Lawes M J, Midgley J J, Lamont B B, Ojeda F,
Burrows G E, Enright N J and Knox K J E 2013 Resprouting
as a key functional trait: how buds, protection and resources
drive persistence after fire New Phytol. 197 19–35

[24] Catry F X, Pausas J G, Moreira F, Fernandes P M and
Rego F 2013 Post-fire response variability in Mediterranean
Basin tree species in Portugal Int. J. Wildland Fire
22 919–32

[25] Collins L 2020 Eucalypt forests dominated by epicormic
resprouters are resilient to repeated canopy fires J. Ecol.
108 310–24

[26] Coop J D, Parks S A, McClernan S R and Holsinger L M 2016
Influences of prior wildfires on vegetation response to
subsequent fire in a reburned southwestern landscape Ecol
Apps 26 346–54

[27] Meddens A J H et al 2018 Fire refugia: what are they,
and why do they matter for global change? BioScience
68 944–54

[28] Smucker K M, Hutto R L and Steele B M 2005 Changes in
bird abundance after wildfire: importance of fire severity and
time since fire Ecol. Appl. 15 1535–49

[29] Bennett L T, Bruce M J, Machunter J, Kohout M,
Krishnaraj S J and Aponte C 2017 Assessing fire impacts on
the carbon stability of fire-tolerant forests Ecol Apps
27 2497–513

[30] Filkov A I, Ngo T, Matthews S, Telfer S and Penman T D
2020 Impact of Australia’s catastrophic 2019/20 bushfire
season on communities and environment. Retrospective
analysis and current trends J. Saf. Sci. Resilience 1 44–56

[31] Adams M A 2013 Mega-fires, tipping points and ecosystem
services: managing forests and woodlands in an uncertain
future For. Ecol. Manage. 294 250–61

[32] Mariani M, Holz A, Veblen T T, Williamson G, Fletcher M-S
and Bowman DM J S 2018 Climate change amplifications of
climate-fire teleconnections in the Southern Hemisphere
Geophys. Res. Lett. 45 5071–81

[33] Abram N J et al 2021 Connections of climate change and
variability to large and extreme forest fires in southeast
Australia Commun. Earth Environ. 2 8

[34] Collins L, McCarthy G, Mellor A, Newell G and Smith L
2020 Training data requirements for fire severity mapping
using Landsat imagery and random forest Remote Sens.
Environ. 245 111839

[35] Nolan R H, Lane P N J, Benyon R G, Bradstock R A and
Mitchell P J 2015 Trends in evapotranspiration and
streamflow following wildfire in resprouting eucalypt forests
J. Hydrol. 524 614–24

[36] Williams J 2013 Exploring the onset of high-impact
mega-fires through a forest land management prism For.
Ecol. Manage. 294 4–10

[37] Ward M et al 2020 Impact of 2019–2020 mega-fires on
Australian fauna habitat Nat. Ecol. Evol. 4 1321–1326

[38] Keith D 2004 Ocean shores to desert dunes: the native
vegetation of new South Wales and the ACT (Hurstville:
Department of Environment and Conservation (NSW))
p 353

[39] Clarke P J et al 2015 A synthesis of postfire recovery traits of
woody plants in Australian ecosystems Sci. Total Environ.
534 31–42

[40] Gill A M and Catling P C 2002 Fire regimes and biodiversity
of forested landscapes of southern Australia Flammable
Australia: Fire Regimes and Biodiversity of a Continent ed R A
Bradstock, J E Williams and A M Gill (Cambridge:
Cambridge University Press) pp 351–69

[41] Cheal D 2010 Growth stages and tolerable fire intervals for
Victoria’s native vegetation data sets: Fire and adaptive
management Report No. 84 (Melbourne: Department of
Sustainability and Environment (VIC)) p 247

[42] Benyon R G and Lane P N J 2013 Ground and satellite-based
assessments of wet eucalypt forest survival and regeneration
for predicting long-term hydrological responses to a large
wildfire For. Ecol. Manage. 294 197–207

[43] Vivian L M, Cary G J, Bradstock R A and Gill A M 2008
Influence of fire severity on the regeneration, recruitment
and distribution of eucalypts in the cotter river catchment,
Australian Capital Territory Austral Ecol. 33 55–67

[44] Bennett L T, Bruce M J, MacHunter J, Kohout M,
Tanase M A and Aponte C 2016 Mortality and recruitment
of fire-tolerant eucalypts as influenced by wildfire severity
and recent prescribed fire For. Ecol. Manage. 380 107–17

[45] Strasser M J, Pausas J G and Noble I R 1996 Modelling the
response of eucalypts to fire, Brindabella Ranges, ACT Aust.
J. Ecol. 21 341–4

[46] Knox K J E and Clarke P J 2012 Fire severity, feedback effects
and resilience to alternative community states in forest
assemblages For. Ecol. Manage. 265 47–54

[47] Murphy B P, Bradstock R A, Boer MM, Carter J, Cary G J,
Cochrane M A, Fensham R J, Russell-Smith J,

12

https://doi.org/10.1073/pnas.1607171113
https://doi.org/10.1073/pnas.1607171113
https://doi.org/10.1038/s41467-018-06358-z
https://doi.org/10.1038/s41467-018-06358-z
https://doi.org/10.1071/WF15083
https://doi.org/10.1071/WF15083
https://doi.org/10.1088/1748-9326/abae9e
https://doi.org/10.1088/1748-9326/abae9e
https://doi.org/10.1088/1748-9326/ab83a7
https://doi.org/10.1088/1748-9326/ab83a7
https://doi.org/10.1371/journal.pone.0188486
https://doi.org/10.1371/journal.pone.0188486
https://doi.org/10.1111/gcb.15125
https://doi.org/10.1111/gcb.15125
https://doi.org/10.1071/WF07153
https://doi.org/10.1071/WF07153
https://doi.org/10.1016/j.foreco.2012.12.025
https://doi.org/10.1016/j.foreco.2012.12.025
https://doi.org/10.1002/ecs2.1695
https://doi.org/10.1002/ecs2.1695
https://doi.org/10.1098/rstb.2015.0345
https://doi.org/10.1098/rstb.2015.0345
https://doi.org/10.1088/1748-9326/aab791
https://doi.org/10.1088/1748-9326/aab791
https://doi.org/10.1890/ES11-00271.1
https://doi.org/10.1890/ES11-00271.1
https://doi.org/10.1038/d41586-020-02306-4
https://doi.org/10.1038/d41586-020-02306-4
https://doi.org/10.1071/WF07049
https://doi.org/10.1071/WF07049
https://doi.org/10.1111/nph.12001
https://doi.org/10.1111/nph.12001
https://doi.org/10.1071/WF12215
https://doi.org/10.1071/WF12215
https://doi.org/10.1111/1365-2745.13227
https://doi.org/10.1111/1365-2745.13227
https://doi.org/10.1890/15-0775
https://doi.org/10.1890/15-0775
https://doi.org/10.1093/biosci/biy103
https://doi.org/10.1093/biosci/biy103
https://doi.org/10.1890/04-1353
https://doi.org/10.1890/04-1353
https://doi.org/10.1002/eap.1626
https://doi.org/10.1002/eap.1626
https://doi.org/10.1016/j.jnlssr.2020.06.009
https://doi.org/10.1016/j.jnlssr.2020.06.009
https://doi.org/10.1016/j.foreco.2012.11.039
https://doi.org/10.1016/j.foreco.2012.11.039
https://doi.org/10.1029/2018GL078294
https://doi.org/10.1029/2018GL078294
https://doi.org/10.1038/s43247-020-00065-8
https://doi.org/10.1038/s43247-020-00065-8
https://doi.org/10.1016/j.rse.2020.111839
https://doi.org/10.1016/j.rse.2020.111839
https://doi.org/10.1016/j.jhydrol.2015.02.045
https://doi.org/10.1016/j.jhydrol.2015.02.045
https://doi.org/10.1016/j.foreco.2012.06.030
https://doi.org/10.1016/j.foreco.2012.06.030
https://doi.org/10.1038/s41559-020-1251-1
https://doi.org/10.1038/s41559-020-1251-1
https://doi.org/10.1016/j.scitotenv.2015.04.002
https://doi.org/10.1016/j.scitotenv.2015.04.002
https://doi.org/10.1016/j.foreco.2012.04.003
https://doi.org/10.1016/j.foreco.2012.04.003
https://doi.org/10.1111/j.1442-9993.2007.01790.x
https://doi.org/10.1111/j.1442-9993.2007.01790.x
https://doi.org/10.1016/j.foreco.2016.08.047
https://doi.org/10.1016/j.foreco.2016.08.047
https://doi.org/10.1111/j.1442-9993.1996.tb00618.x
https://doi.org/10.1111/j.1442-9993.1996.tb00618.x
https://doi.org/10.1016/j.foreco.2011.10.025
https://doi.org/10.1016/j.foreco.2011.10.025


Environ. Res. Lett. 16 (2021) 044029 L Collins et al

Williamson G J and Bowman DM J S 2013 Fire regimes of
Australia: a pyrogeographic model system J. Biogeogr.
40 1048–58

[48] Collins L, Bennett A F, Leonard S W J and Penman T D 2019
Wildfire refugia in forests: severe fire weather and drought
mute the influence of topography and fuel age Glob. Change
Biol. 25 3829–43

[49] Gibson R, Danaher T, Hehir W and Collins L 2020 A remote
sensing approach to mapping fire severity in south-eastern
Australia using sentinel 2 and random forest Remote Sens.
Environ. 240 111702

[50] Hammill K A and Bradstock R A 2006 Remote sensing of fire
severity in the Blue Mountains: influence of vegetation type
and inferring fire intensity Int. J. Wildland Fire 15 213–26

[51] McCarthy G, Moon K and Smith L 2017 Mapping fire
severity and fire extent in forest in Victoria for ecological and
fuel outcomes Ecol. Manage. Restor. 18 54–65

[52] Collins L, Griffioen P, Newell G and Mellor A 2018 The
utility of random forests for wildfire severity mapping
Remote Sens. Environ. 216 374–84

[53] Gorelick N, Hancher M, Dixon M, Ilyushchenko S, Thau D
and Moore R 2017 Google earth engine: planetary-scale
geospatial analysis for everyone Remote Sens. Environ.
202 18–27

[54] Price O F and Bradstock R A 2010 The effect of fuel age on
the spread of fire in sclerophyll forest in the Sydney region of
Australia Int. J. Wildland Fire 19 35–45

[55] Douma J C and Weedon J T 2019 Analysing continuous
proportions in ecology and evolution: a practical
introduction to beta and Dirichlet regressionMethods Ecol.
Evol. 10 1412–30

[56] Zuur A, Ieno E N, Walker N, Saveliev A A and Smith G M
2009Mixed Effects Models and Extensions in Ecology with R
(Berlin: Springer) p 574

[57] R Development Core Team 2020 R: a language and
environment for statistical computing (Vienna:
R Foundation for Statistical Computing)

[58] Wood S N 2006 Generalized additive models: an
introduction with R (Boca Raton: Chapman and Hall) p 391

[59] Brooks M E, Kristensen K, Van Benthem K J, Magnusson A,
Berg CW, Nielsen A, Skaug H, Mächler M and Bolker B 2017
glmmTMB balances speed and flexibility among packages
for zero-inflated generalized linear mixed modeling R J.
9 378–400

[60] Bowman DM J S, Murphy B P, Boer MM, Bradstock R A,
Cary G J, Cochrane M A, Fensham R J, Krawchuk M A,
Price O F and Williams R J 2013 Forest fire management,
climate change, and the risk of catastrophic carbon losses
Front. Ecol. Environ. 11 66–67

[61] Robinson N M, Leonard S W J, Ritchie E G, Bassett M,
Chia E K, Buckingham S, Gibb H, Bennett A F and
Clarke M F 2013 REVIEW: refuges for fauna in fire-prone
landscapes: their ecological function and importance J. Appl.
Ecol. 50 1321–9

[62] Van Eeden L et al 2020 Australia’s 2019–2020 bushfires: the
wildlife toll (available at: www.wwf.org.au/news/
news/2020/3-billion-animals-impacted-by-australia-
bushfire-crisis#gs.gc4wiv)

[63] Price O F and Bradstock R A 2012 The efficacy of fuel
treatment in mitigating property loss during wildfires:
insights from analysis of the severity of the catastrophic
fires in 2009 in Victoria, Australia J. Environ. Manage.
113 146–57

[64] Williams A P et al 2019 Observed impacts of anthropogenic
climate change on wildfire in California Earth‘s Future
7 892–910

[65] Bowman DM J S et al 2019 Human–environmental drivers
and impacts of the globally extreme 2017 Chilean fires
Ambio 48 350–62

[66] Turco M, Jerez S, Augusto S, Tarín-Carrasco P, Ratola N,
Jiménez-Guerrero P and Trigo R M 2019 Climate drivers of
the 2017 devastating fires in Portugal Sci. Rep. 9 13886

[67] McCarty J L, Smith T E L and Turetsky M R 2020 Arctic fires
re-emerging Nat. Geosci. 13 658–60

[68] Di Virgilio G, Evans J P, Blake S A P, Armstrong M,
Dowdy A J, Sharples J and McRae R 2019 Climate change
increases the potential for extreme wildfires Geophys. Res.
Lett. 46 8517–26

[69] Cansler C A and McKenzie D 2014 Climate, fire size, and
biophysical setting control fire severity and spatial pattern in
the northern Cascade Range, USA Ecol Apps
24 1037–56

[70] Parks S A and Abatzoglou J T 2020 Warmer and drier fire
seasons contribute to increases in area burned at high
severity in western US forests from 1985 to 2017 Geophys.
Res. Lett. 47 e2020GL089858

[71] Nolan R H, Boer MM, Resco De Dios V, Caccamo G and
Bradstock R A 2016 Large-scale, dynamic transformations in
fuel moisture drive wildfire activity across southeastern
Australia Geophys. Res. Lett. 43 4229–38

[72] Abatzoglou J T, Williams A P, Boschetti L, Zubkova M and
Kolden C A 2018 Global patterns of interannual climate–fire
relationships Glob. Change Biol. 24 5164–75

[73] Caccamo G, Chisholm L A, Bradstock R A and Puotinen M L
2012 Using remotely-sensed fuel connectivity patterns as a
tool for fire danger monitoring Geophys. Res. Lett.
39 L01302

[74] Nyman P, Metzen D, Noske P J, Lane P N J and Sheridan G J
2015 Quantifying the effects of topographic aspect on water
content and temperature in fine surface fuel Int. J. Wildland
Fire 24 1129–42

[75] Bradstock R A, Hammill K A, Collins L and Price O 2010
Effects of weather, fuel and terrain on fire severity in
topographically diverse landscapes of south-eastern Australia
Landsc. Ecol. 25 607–19

[76] Cheney N P, Gould J S, McCawW L and Anderson W R 2012
Predicting fire behaviour in dry eucalypt forest in southern
Australia For. Ecol. Manage. 280 120–31

[77] Mariani M, Fletcher M-S, Haberle S, Chin H, Zawadzki A
and Jacobsen G 2019 Climate change reduces resilience to
fire in subalpine rainforests Glob. Change Biol. 25 2030–42

[78] CSIRO and Bureau of Meteorology 2015 Climate change in
Australia information for Australia’s natural resource
management regions: technical report (Melbourne: CSIRO
and Bureau of Meteorology) p 216

[79] Clarke H, Penman T, Boer M, Cary G J, Fontaine J B, Price O
and Bradstock R 2020 The proximal drivers of large fires: a
pyrogeographic study Front. Earth Sci. 8 90

[80] Bradstock R A, Cary G J, Davies I, Lindenmayer D B,
Price O F and Williams R J 2012 Wildfires, fuel treatment
and risk mitigation in Australian eucalypt forests: insights
from landscape-scale simulation J. Environ. Manage.
105 66–75

[81] King K J, De Ligt R M and Cary G J 2011 Fire and carbon
dynamics under climate change in south-eastern Australia:
insights from FullCAM and FIRESCAPE modelling Int. J.
Wildland Fire 20 563–77

[82] Kelley D I and Harrison S P 2014 Enhanced Australian
carbon sink despite increased wildfire during the 21st
century Environ. Res. Lett. 9 104015

[83] Tran B N, Tanase M A, Bennett L T and Aponte C 2020
High-severity wildfires in temperate Australian forests have
increased in extent and aggregation in recent decades PLoS
One 15 e0242484

[84] Parks S A, Miller C, Abatzoglou J T, Holsinger L M,
Parisien M-A and Dobrowski S Z 2016 How will climate
change affect wildland fire severity in the western US?
Environ. Res. Lett. 11 035002

[85] Hurteau M D, Liang S, Westerling A L and Wiedinmyer C
2019 Vegetation-fire feedback reduces projected area burned
under climate change Sci. Rep. 9 2838

[86] Boer MM et al 2016 Future changes in climatic water
balance determine potential for transformational shifts in
Australian fire regimes Environ. Res. Lett. 11 065002

13

https://doi.org/10.1111/jbi.12065
https://doi.org/10.1111/jbi.12065
https://doi.org/10.1111/gcb.14735
https://doi.org/10.1111/gcb.14735
https://doi.org/10.1016/j.rse.2020.111702
https://doi.org/10.1016/j.rse.2020.111702
https://doi.org/10.1071/WF05051
https://doi.org/10.1071/WF05051
https://doi.org/10.1111/emr.12242
https://doi.org/10.1111/emr.12242
https://doi.org/10.1016/j.rse.2018.07.005
https://doi.org/10.1016/j.rse.2018.07.005
https://doi.org/10.1016/j.rse.2017.06.031
https://doi.org/10.1016/j.rse.2017.06.031
https://doi.org/10.1071/WF08167
https://doi.org/10.1071/WF08167
https://doi.org/10.1111/2041-210X.13234
https://doi.org/10.1111/2041-210X.13234
https://doi.org/10.1201/9781315370279
https://doi.org/10.32614/RJ-2017-066
https://doi.org/10.32614/RJ-2017-066
https://doi.org/10.1890/13.WB.005
https://doi.org/10.1890/13.WB.005
https://doi.org/10.1111/1365-2664.12153
https://doi.org/10.1111/1365-2664.12153
https://www.wwf.org.au/news/news/2020/3-billion-animals-impacted-by-australia-bushfire-crisis#gs.gc4wiv
https://www.wwf.org.au/news/news/2020/3-billion-animals-impacted-by-australia-bushfire-crisis#gs.gc4wiv
https://www.wwf.org.au/news/news/2020/3-billion-animals-impacted-by-australia-bushfire-crisis#gs.gc4wiv
https://doi.org/10.1016/j.jenvman.2012.08.041
https://doi.org/10.1016/j.jenvman.2012.08.041
https://doi.org/doi.org/10.1029/2019EF001210
https://doi.org/doi.org/10.1029/2019EF001210
https://doi.org/10.1007/s13280-018-1084-1
https://doi.org/10.1007/s13280-018-1084-1
https://doi.org/10.1038/s41598-019-50281-2
https://doi.org/10.1038/s41598-019-50281-2
https://doi.org/10.1038/s41561-020-00645-5
https://doi.org/10.1038/s41561-020-00645-5
https://doi.org/10.1029/2019GL083699
https://doi.org/10.1029/2019GL083699
https://doi.org/10.1890/13-1077.1
https://doi.org/10.1890/13-1077.1
https://doi.org/10.1029/2020GL089858
https://doi.org/10.1029/2020GL089858
https://doi.org/10.1002/2016GL068614
https://doi.org/10.1002/2016GL068614
https://doi.org/10.1111/gcb.14405
https://doi.org/10.1111/gcb.14405
https://doi.org/10.1029/2011GL050125
https://doi.org/10.1029/2011GL050125
https://doi.org/10.1071/WF14195
https://doi.org/10.1071/WF14195
https://doi.org/10.1007/s10980-009-9443-8
https://doi.org/10.1007/s10980-009-9443-8
https://doi.org/10.1016/j.foreco.2012.06.012
https://doi.org/10.1016/j.foreco.2012.06.012
https://doi.org/10.1111/gcb.14609
https://doi.org/10.1111/gcb.14609
https://doi.org/10.3389/feart.2020.00090
https://doi.org/10.3389/feart.2020.00090
https://doi.org/10.1016/j.jenvman.2012.03.050
https://doi.org/10.1016/j.jenvman.2012.03.050
https://doi.org/10.1071/WF09073
https://doi.org/10.1071/WF09073
https://doi.org/10.1088/1748-9326/9/10/104015
https://doi.org/10.1088/1748-9326/9/10/104015
https://doi.org/10.1371/journal.pone.0242484
https://doi.org/10.1371/journal.pone.0242484
https://doi.org/10.1088/1748-9326/11/3/035002
https://doi.org/10.1088/1748-9326/11/3/035002
https://doi.org/10.1038/s41598-019-39284-1
https://doi.org/10.1038/s41598-019-39284-1
https://doi.org/10.1088/1748-9326/11/6/065002
https://doi.org/10.1088/1748-9326/11/6/065002


Environ. Res. Lett. 16 (2021) 044029 L Collins et al

[87] Singleton M P, Thode A E, Sánchez Meador A J and
Iniguez J M 2019 Increasing trends in high-severity fire in
the southwestern USA from 1984 to 2015 For. Ecol. Manage.
433 709–19

[88] Stephens S L, Westerling A L, Hurteau M D, Peery M Z,
Schultz C A and Thompson S 2020 Fire and climate change:
conserving seasonally dry forests is still possible Frontiers
Ecol. Environ. 18 354–60

14

https://doi.org/10.1016/j.foreco.2018.11.039
https://doi.org/10.1016/j.foreco.2018.11.039
https://doi.org/10.1002/fee.2218
https://doi.org/10.1002/fee.2218

	The 2019/2020 mega-fires exposed Australian ecosystems to an unprecedented extent of high-severity fire
	1. Introduction
	2. Methods
	2.1. Study area
	2.2. Vegetation communities
	2.3. Fire severity mapping
	2.4. Fire severity metrics
	2.5. Statistical analysis

	3. Results
	4. Discussion
	5. Conclusions
	Acknowledgments
	References


