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Abstract
Background: The 2019-20 Australian bush�re season was the most environmentally detrimental bush�re season on record. The extreme
heat and drought exposed normally �re-resistant communities to uncharacteristically dry fuel loads and abnormally high severity
burning. In eastern Australia this included mesic rainforest environments (including the World Heritage listed Gondwana Rainforests of
Australia), which are often highly sensitive to �re, contain high biodiversity values, are critical habitat for threatened species, embody
distinct endemism, provide valuable ecosystem services and are critical for terrestrial carbon storage. East coast rainforests are also
highly fragmented, with less than half of pre-European levels remaining. Increases in �re frequency and intensity associated with climate
change may threaten these already fragmented rainforest environments. This study considers the e�cacy of rainforest refugia under a
heightened bush�re climate, via spatial analysis of burn extent, burn severity and topographic characteristics for rainforests during the
2019-20 bush�re season within the Eastern Australian Temperate and Subtropical Forests Conservation Management Zone.

Results: Burn severity, vegetation and elevation datasets were merged and analysed across mid-eastern Australia. A signi�cant portion of
rainforest was �re affected across the study area (~17%), with ~5% burnt to a high or very high severity. Elevation, topographic position
(i.e. valleys), slope and aspect all contributed to maintaining rainforest �re refugia. The study resulted in a mapping product that can be
utilised by researchers and protected area managers to locate and assess burnt rainforest in mid-eastern Australia.

Conclusions: This study enables the identi�cation of rainforest �re refugia and threatened rainforest communities for future research and
conservation efforts in eastern Australia. The results also demonstrate the potential of climate change to enact widespread rainforest
declines, with potentially dire consequences for biodiversity and ecosystem services. This event and recurrent �re events may enact
positive climate feedback systems by enabling pyrophytic vegetation expansion and converting rainforest carbon pools into a carbon
source.

Background
Anthropogenic climate change is altering bush�re regime’s in Australia, with increases in surface temperature, extreme heat events, dry
lightning ignitions and drought contributing to enhanced bush�re intensity and frequency in many regions (BOM and CSIRO 2020;
Bowman et al. 2020). This shift was evident during the severe 2019-20 Australian ‘Black Summer’ bush�re season, which burned almost
19 million ha in southern and eastern Australia with signi�cant consequences for human health, the economy and the environment
(Oldenborgh et al. 2020; Filkov et al. 2020). Environmental consequences included reports of extensive burning in �re-sensitive
rainforests across the east coast, including an estimated 50% of world heritage protected Gondwana Rainforests of Australia (Nolan et
al. 2020). This event was predominantly a result of extreme heat and prolonged drought; which can be attributable in part to
anthropogenic climate change (van Oldenborgh et al. 2020; BOM 2019; Sanderson and Fisher 2020; Phillips and Nogrady 2020). Whilst
these �re weather conditions were an anomaly, forecasts suggest that climatic conditions leading to this ‘unprecedented’ season may be
average by 2040 and well below average by 2060 if our present emissions trajectory is maintained (Sanderson and Fisher 2020).

Rainforest-�re antagonism
Rainforest distribution, �re behaviour and climate have been interlinked over the past millennia in eastern Australia (Cary et al. 2012;
Stewart and Moss 2015). Charcoal and pollen analysis reveals a trend of increased rainforest taxa and reduced charcoal abundance
during cooler, wetter and less �re prone climates, particularly during the mid-Holocene (around 7,000 to 3,500 years ago) (Dodson et al.
1986, Donders et al. 2007; Moss et al. 2013). Conversely, during periods of increased aridity, such as the late Holocene (last 3,500 years)
and linked to intensi�cation of the El Niño Southern Oscillation phenomenon (particularly the dry El Niño phase), pyrophytic taxa in
across eastern Australia appear to have expanded and rainforest taxa declined, corresponding with increases in charcoal abundance
(Stewart 2017; Donders et al. 2007; Donders et al. 2008). Spatial variability in rainforest taxa is also evident, with heterogenous shifts in
rainforest distribution within regional landscapes, indicating that areas of refugia may enable rainforest persistence during less
favourable climates (Moss et al. 2013).

Rainforest typically occupies areas of the landscape in which conditions are not conductive to �re (Wood et. al 2011), preferring
locations that: are high in rainfall and mesic in nature (such as the tropics, high elevations and coastal areas); contain �re retardant
skeletal substrates (such as rocky outcrops); and are in topographic locations which are protected from heat, wind and upward �re
spread (such as valleys) (Wood et al. 2011; Holz et al. 2020; Ash 1988; Williams et al. 2012).
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Rainforest systems and species have a range of internal mechanisms to reduce the occurrence and severity of bush�re. A closed canopy
reduces the amount of available light for the understory, restricting ground cover such as grasses, distributing biomass away from the
understory and ultimately reducing fuel loads (Hoffmann et al. 2009; Cochrane 2003; Williams et al. 2012). A closed canopy also
produces a micro-climate within the rainforest that is divergent from the local and regional climate, diminished bush�re weather by
reducing wind speed, lowering temperature and increasing relative humidity (Cochrane 2003; Hoffmann et al. 2009; Murphy and Bowman
2012; Staver et al. 2011). As a result, bush�re in most rainforests is relatively infrequent, and when �re does occur, the mesic
microclimate and reduced fuel availability typically ensures that vegetation burns to a low severity (Williams et al. 2012). Despite the
generally low severity of rainforest �re, many rainforest systems are sensitive to �re and recovery can be slow (Hjerpe et al. 2001;
Cochrane and Schulze 1999).

It should be noted that the pyrophobic �re sensitive narrative for rainforest environments is not universally applicable, with the diverse
range of rainforests responding divergently to �re. For example, some tropical rainforest species have the ability to regenerate after low
and moderately severe �re (Williams 2000), likewise, whilst thin bark and stems generally make rainforest species more vulnerable to �re,
some rainforest species have adapted to resprout post-�re (Hoffmann and Solbrig 2003; Bowman 1991). Even though many rainforest
species can withstand �re events, cumulative frequent burning often still results in degradation (Williams, et al. 2012; Bowman 2005;
Fensham et al. 2006).

Under extreme climatic or weather conditions, such as prolonged drought and extreme heat, rainforest resistance to �re is reduced as fuel
dryness and combustibility increases, leaving rainforest at higher risk of burning (Collins et al. 2019). As many rainforest species have
not adapted to tolerate intense or frequent burning, they are particularly vulnerable, with potential for direct tree mortalities, reduced
species richness and reduced canopy cover (Cochrane and Schulze 1999). The reduction in canopy cover diminishes the mesic qualities
of the pre-�re system and results in a system more vulnerable to further burning and pioneer invasion (Cochrane and Schulze 1999).
Critically, if �re returns to recently burnt rainforest, then recovery can be hindered, with the potential to result in a shift to a new ecosystem
(Mark et al. 2001; Lindenmayer et al. 2011; Murphy and Bowman 2012). As a result, �re frequency and severity are key controls over
rainforest distribution (Bowman 2000).

With frequent and intense burning non-rainforest species normally excluded by the shaded and mesic nature of the closed canopy can
take advantage of a post-�re opening, often assisted by faster growth and swifter post-�re reproductive capacity (Murphy and Bowman
2012). Once embedded, pyrogenic pioneer species can encourage and enhance further �re by shifting fuel structure and composition:
triggering a positive �re feedback system in favour of pyrogenic over pyrophobic vegetation (Staver et al. 2011; Murphy and Bowman
2012). Consequently, rainforest that is not surrounded by pyrogenic vegetation may be more likely to recover, even after severe bush�re
(Fletcher et al. 2014).

In the Bunya mountains of eastern Australia, Indigenous Australians likely took advantage of this rainforest vulnerability for hunting and
agricultural purposes, utilising �re to maintain grassland at the expense of dry rainforest (Fensham et al. 2006; Foreman 2016; Moravek
et al. 2012; Webb 1964). Fensham et al. (2006) found that frequent burning can withhold rainforest boundaries, however, even biennial
burning did not prevent eucalypt colonisation of grassy balds in the Bunya mountains. This demonstrates the potential for high
frequency �re regimes to limit rainforest distribution and highlights the invasion potential of eucalypt forests under high �re return
intervals.

In the long-term absence of �re, pyrophobic species can encroach on �re-dependent systems (Baker and Catterall 2015; Murphy and
Bowman 2012; Baker, et al. 2020). Butler et al. (2014) found that there has been an expansion of rainforest in areas of subtropical
Eastern Australia between 1961 and 2006, likely as a result of a reduction in the traditional burning practices. Fensham and Fairfax
(1996) found that between 1951 and 1991 rainforest (and eucalypt forest) has been able to reinvade grassy balds in the Bunya
mountains, again linked to the cessation of traditional �re management, which may have kept encroaching rainforest at bay (Fensham et
al. 2006). Also evident in �re suppressed coastal regions of eastern Australia, rainforest pioneer species are invading long unburnt open
forests, providing shading that suppresses understory growth in favour of mesic species, reducing the vegetation �ammability and
enabling a shift from a �re-dependent ecosystem towards a �re-resistant ecosystem (Bakeret al. 2020). Upon invasion, rainforest species
can reduce plant diversity and density in open forests, diminish critical habitat and drive localised species extinctions (Baker and
Catterall 2015; Baker et al. 2020a; Baker et al. 2020b).  

Surpassing critical thresholds
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Perhaps one of the greatest threats that increased bush�re activity poses to rainforest distribution, is the danger of enacting a critical
transition, a process in which a system surpasses a critical threshold or ‘tipping point’ in which a sharp shift to a new state is
unavoidable (Scheffer et al. 2012). Critical thresholds are a major concern with the rapidity of present climate change and have been
identi�ed in many ecological, hydrological and geological systems, from glacial retreat (Rosier et al. 2020) to coral reef decline (Bellwood
et al. 2004).

Heightened bush�re activity creates a risk of exceeding the resilience of pyrophobic vegetation, in which a transition to an alternate
vegetation state is enacted (Staver et al. 2011; Murphy and Bowman 2012). Hoffmann et al. (2012) de�nes two key �re-vegetation
thresholds which control shifts to alternative stable states where resources enable:

the �re resistance threshold in which pioneer species become a su�cient size to withstand returning �re, and

the �re suppression threshold, in which canopy cover becomes su�cient to suppress �re weather and surface fuel loads.

Concern is mounting that global, climatically driven increases in drought and stand-replacing �re will lead to a skew of this balance and a
conversion of forest systems to non-forest systems (Seidl et al. 2016; Millar and Stephenson 2015). The premise for this study, is the
concern that more frequent and more intense �re within rainforests may initiate a positive feedback cycle on a continental scale that
causes more severe and more frequent burning, leading to eventual collapse of some �re sensitive communities in eastern Australia
(Fletcher and Thomas 2010; Fletcher et al. 2018).

Vitally, tipping points are not always observable or predictable, with potential for seemingly healthy systems to be in the process of a
‘domino effect’ in which collapse is inevitable (Scheffer et al. 2012). Conversely, modelling inaccuracies can raise a false alarm for
collapse in actually healthy systems (Wagner and Eisenman 2015).

Concerningly, tipping points rainforests may be exacerbated or instigated by compound stressors such as invasive species, logging,
pathogens and inappropriate �re management (Fonseca et al. 2019; Tepley et al. 2016; Cochrane and Schulze 1999). This is especially
concerning in eastern Australia, where just half of pre-1750 rainforest vegetation remains, and what remains is highly fragmented (DEE
2015). Likewise, drought is also a key driver of bush�re, is particularly threatening to rainforests and may reduce post-�re regeneration
capacity (Millar and Stephenson 2015; Harvey et al. 2016; Little�eld 2019).

Fire Refugia
The concept of refugia has been put forward as an essential component of biodiversity persistence during climatic changes, de�ned as
‘habitats that components of biodiversity retreat to, persist in and can potentially expand from under changing environmental conditions’
(Keppel et al. 2012, p. 393). The refugia concept has been readily applied to disturbance events such as bush�res, with the term �re
refugia referring to unburnt or less severely burnt areas within a bush�re burn extent (Krawchuk et al. 2016; Meddens et al. 2018). Fire
refugia can provide shelter during �re events, maintain soil stability, provide resources immediately after �re events, enable longer term
population recovery and support retention of ecosystem function (Meddens et al. 2018).

Research has identi�ed topography as a key contributor to �re refugia (Wood et al. 2011; Holz et al. 2020; Krawchuk et al. 2016; Collins et
al. 2019; Couper and Hoskin 2008; Cadd et al. 2019). Topography provides sheltered mesic microclimates, antagonistic to the exposed,
drier climates favourable to �re spread (Wood et al 2011; Holz et al. 2020). These areas include sheltered valleys, rocky outcrops with
skeletal substrates, steep poleward facing slopes and higher elevations, whereas �re prone landscapes include ridges, lower elevations,
�at areas and non-poleward facing aspects (Wood et al. 2011; Holz et al. 2020; Williams et al. 2012; Dodson and Root 2013). Not only
does topography enable refugia by shielding species and communities during �re, it also provides climatic conditions important for post-
�re recovery (Little�eld 2019; Harvey et al. 2016).

Rainforests can persist in the �re protected mesic environments provided by montane topography (Holz et al. 2020; Wood et al. 2011).
Some east coast montane areas, such as north east NSW, are identi�ed as distinct areas of endemism, suggesting that they may be
important refugia for rainforest species (Reside et al. 2013; Weber et al. 2014).

In south eastern Australia studies have found that extremities of drought and �re weather can weaken the mesic qualities of topographic
�re refugia (Collins et al. 2019), potentially explaining why rainforests were vulnerable to the drought fuelled burning of the 2019-20
season. Furthermore, extremities in drought may also reduce post-�re recovery dynamics (Harvey et al. 2016; Tepley et al. 2017; Little�eld
2019). Little is yet known as to how severely rainforest vegetation on the east coast was affected by the drought-fuelled 2019-20 season
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(Nolan et al. 2020), with even less clarity as to the effectiveness of topographic refugia. Clarifying the impact of this event on rainforests
may be critical for determining the extent and effectiveness of refugia for rainforest persistence as climate change progresses.

Study Aims
The aims of this study are to examine the extent and severity of the 2019-20 bush�re season on rainforest vegetation within the Eastern
Australian Temperate and Sub-tropical Forests Conservation Zone (EATSF). This study also aims to identify the topographic
characteristics of persistent rainforest �re refugia within the region, to aid conservation of important rainforest refugia as well as
rainforests most vulnerable to future climatic shifts. We theorise that the extent of burnt rainforest within the conservation zone is
signi�cant and that topographic variables such as slope, aspect, elevation and topographic position index were critical for reducing the
severity and extent of burnt rainforest. The null hypothesis is that burn extent was not signi�cant and that the mean burn severity for
topographic variables remains constant across burn severity categories. The location of this study is important, as research into the
rainforests-bush�re interactions primarily focuses in either the temperate south-east or the topical north-east. As far as the author is
aware, no study of rainforest �re refugia has been undertaken on such a broad scale on the east coast or elsewhere globally.

Study Area
Australia is divided into 23 Conservation Management Zones, characterized by their ecological and threat characteristics and aligned
with the Interim Biogeographic Regionalisation of Australia (DEE 2015). The bene�t of conservation zones is that they enable long term
conservation planning and natural resource management that transcends traditional governance boundaries such as state borders (DEE
2015). This is particularly important for measuring bush�re risk and impact, with severity assessment often limited to the governance
boundaries of which bush�res are not restricted.

This study focuses on the Eastern Australian Temperate and Subtropical Forests Conservation Management Zone (EATSF; Figure 1). The
zone encompasses approximately 16 million hectares on the east coast of Australia, with a high human population density of 34.82
people per square kilometre (DEE 2015). The National Reserve System comprises of 19% of the zone, with 45% of all native vegetation
cleared since pre-European levels (DEE 2015). Just 1.2% of the zone is recognised under native title (DEE 2015).

The EATSF is composed primarily of Eucalyptus communities, which are heavily degraded since pre-1750 levels (DEE 2015). Eucalyptus
woodlands with a tussock grass understory encompassed ~38.2% of vegetation pre-1750, now representing just 7.5% (DEE 2015).
Likewise, approximately half of pre-1750 rainforest vegetation no longer exists, and what does remain is often highly fragmented due to
a range of anthropogenic pressures (DEE 2015). Sub-tropical rainforest now makes up approximately 2.7% and warm temperate
rainforest makes up approximately 1% of the zone (DEE 2015). The current distribution of the rainforest major vegetation group within
the EATSF is described in Figure 2.

EASTF rainforest vegetation is disjunct in distribution and restricted to areas with high annual rainfall and low �re frequency
(Cunningham and Read 2003). Composition shifts both latitudinally and altitudinally with precipitation and temperature, varying
predominantly between warm temperate rainforest and subtropical rainforest (Adam 1992; Webb 1959). Likewise, with a change in
latitude and altitude there are noticeable changes in the forest understory community dominance from vine to fern to bryophytes (Webb
1978; Kirkpatrick and DellaSala 2011).

Signi�cant terrestrial World Heritage properties within the zone include The Greater Blue Mountains Area (4.8% of the zone) and the
Gondwana Rainforests of Australia (2.31% of the zone) (DEE 2015). Of relevance to this study, the Gondwana rainforests are recognized
by UNESCO for their outstanding universal values (UNESCO 2020):
• signi�cant Geological processes (criterion VIII);
• example of past evolutionary history as well as ongoing evolutionary processes (criterion IX);
• the provision of natural habitat for species of conservation signi�cance (criterion X), including over 270 threatened species).
Whilst the climate varies across the zone, the mean annual temperature is 16oC Celsius, mean maximum of the hottest month is 27.7oC
and the mean annual rainfall is 1017.1mm (DEE 2015). The climate is warming across the zone and at a greater extent inland, with
variable shifts in precipitation (BOM and CSIRO 2020). The Forest Fire Danger Index has increased almost universally across the zone
over past decades, with larger increases inland than in coastal areas (Dowdy 2018).
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Methods
The spatial scope of this study is rainforest vegetation within the EATSF. The temporal scope is the 2019-20 bush�re season (1 July
2019 to 24 February 2020). A range of datasets of varied resolution were utilized in order to map burn severity of rainforest vegetation as
well as topographic indices (Table 1).

Burn Severity Mapping
The Australian Google Earth Engine Burnt Area Map (GEEBAM) is a national database that maps bush�re severity across Australia from
1 July 2019 to 24th of

February 2020 (DAWE 2020). The dataset provides a series of burn severity classes, outlined in Table 2. This dataset is obtained via
remote sensing and is not ground-truthed, however, it does utilise calibration with state and territory datasets where available (DAWE
2020). Due to rainforests unique spectral characteristics post-burn, rainforest burn severity was mapped separately from other vegetation
types to detect more subtle changes in post-�re vegetation (DAWE 2020).

 

Table 1. List of all datasets utilised for this study.

Dataset  Resolution  Description    Source
GEEBAM Burn
Severity

15m Utilises spectral signatures from MODIS and Sentinel to map burn severity at a
resolution of 15m. Calibrated with state burn severity mapping where available
(QLD not calibrated).

 

  Department of
Agriculture, Water and
the Environment (2020)

National Vegetation
Information System
Version 5.1 

 

Resolution
varies
(~30m)

A vector layer delineating extant native vegetation types across Australia (Major
Vegetation Groups)
 

  Department of
Agriculture, Water and
the Environment (2018)

 
Digital Elevation
Model (DEM)

25m Grid 25 Metre DEM Grid of Australia derived from LiDAR model    Geoscience Australia
(2015)

 

Table 2. The Australian Google Earth Engine Burnt Area Map (GEEBAM) Classes and description (DAWE 2020).

GEEBAM
Value 

GEEBAM Class  Description 

1  No data  No data indicates areas outside NIAFED or NVIS categories that do not represent native vegetation (e.g. cleared
land, water) 
 

2  Unburnt  Little or no change observed between pre-fire and post-fire imagery
 

3  Low and
Moderate 

Some change or moderate change detected when compared to reference unburnt areas outside the NIAFED extent 
 

4  High  Vegetation is mostly scorched 
 

5  Very high  Vegetation is clearly consumed 

For statistical analysis within the burn extent, we extended the GEEBAM dataset by a 1km buffer, to include potential refugia on the edge
of the �re front, a similar buffer size to that of previous studies (Wood et al. 2011). The dataset was then clipped to within the study
conservation zone. All No data (1) points were removed from the data analysis.

Vegetation Mapping
The vegetation dataset utilized is the Australian National Vegetation Information System Version 5.1, which combines a range of higher
resolution state and national datasets at a varied resolution of ~30m. Whilst some alternative state and regional vegetation datasets
have a higher resolution, for consistency over state and regional borders, the national dataset has been utilized. The coarseness of this
dataset does present concerns for inaccurate identi�cation of rainforest, with the potential to exclude smaller pockets of rainforest
refugia; include areas of non-rainforest; or not distinguish important ecotones. The scale of this project has the potential to correct for
some of this error, or potentially enhance bias.
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For analysis, the dataset was clipped to the conservation zone and rainforest vegetation was mapped in isolation from other vegetation
categories (tropical and sub-tropical rainforest, warm temperate rainforest, dry rainforests and vine thickets and Cool temperate
rainforest). For the purpose of this paper, the NVIS category ‘tropical or subtropical rainforest’ is referred to as ‘subtropical rainforest’, as
tropical rainforests are typically located in latitudes north of the EASTF study area (Adam 1992), Dry rainforest and vine thickets (<1%)
and cool temperate rainforests (~2%) were marginal and thus removed from topographic analysis within the burn extent.

The NVIS and GEEBAM datasets were intersected within R so that rainforest within the GEEBAM and the 1km buffer zone contained burn
severity values, providing an additional dataset that mapped the burn severity of all rainforest within the 2019-20 burn extent (~ 43% of
Australian rainforest distribution) (RStudio Team 2020).

Terrain
A national Digital Elevation Model was obtained from Geoscience Australia at a resolution of 30m, which was then clipped to the
conservation zone (Geoscience Australia 2015). From the DEM raster, slope and aspect rasters were calculated utilizing inbuilt QGIS
terrain functions, resulting in separate aspect and slope raster layers which covered the entire study area. Topographic Position Index
(TPI) was calculated through the QGIS SAGA function (Conrad 2011), which follows the TPI calculation of Guisan et al. (1999). Distance
weighting for the 30m pixels was set to inverse distance to the power of 1, with no minimum radius and a maximum radius of 150m. The
inputs were chosen through a visual comparison with terrain layers, so that the output best interpreted obvious ridges and valleys. Due to
the scale of the DEM (~30m), �ner scale topographic refugia is likely not adequately represented by the TPI values.

Sampling Methodology
~ 100,000 simple random points were generated within the rainforest polygons for the entire conservation zone utilizing R. Each point
represents approximately 6ha of rainforest. Approximately 43,000 of these points fell within the GEEBAM buffer zone, which were then
utilized as the primary dataset for analysis of rainforest refugia.

Spatial joins were then performed in QGIS so that each point contained the information for all layers below. Each point thus contains
burn severity, NVIS vegetation classi�cation, slope, aspect, TPI and elevation.

Analysis Methodology
Violin plots with overlaid box and whisker plots were generated for key topographic variables utilizing the ggplot2 package in RStudio
(2020). Violin plots were chosen as they can effectively represent spatial data that may not be normally distributed.

Aspect values were converted from degrees to a simple north south bearing, where north represents 0-90 and 270-360, and south
represents 90-270 degrees. More precise co-ordinates were also calculated (Supplementary Documents)

Burn extent was calculated as a percentage of points for each sample. Burn percentages was calculated both within the burn extent
(encompassing GEEBAM and the 1km buffer) and within the entire conservation zone.

Results

Burn Extent and Severity
A total of ~100,000 random points were sampled across the entire zone, encompassing ~ 630, 000 ha of rainforest, with one sample
point per ~ 6ha of rainforest. Of these points, 17% were burnt, with 13% to a low and moderate severity, 4% to a high severity and 1% to a
very high severity (Figure 3). This represents 110, 631 ha of burnt rainforest, including 30, 375 ha to a high or very high severity. Within
the GEEBAM burn extent and 1km buffer, just 58% of rainforest remained unburnt, with 31% burned to a low and moderate severity, 9% to
a high severity and 2% to a very high severity.

Burn extent and severity varied across vegetation types. Dry rainforest or vine thickets vegetation was the most affected by the �res, with
60% burning to a moderate extent, 10% burning to a high extent and 4% burning to a very high extent; with just 27% remaining unburned
within bush�re extent. Subtropical Rainforest and Warm Temperate rainforests retained a similar amount of unburned rainforest ( -60%),
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although Subtropical Rainforest burned to a higher low and moderate extent (32% vs 26%) and was slightly less effected by high to very
high severity �res (~10%) than Warm Temperate Rainforests (~13%). This is potentially due to Warm Temperate Rainforests persisting at
slightly lower elevations and a wider range of TPI, despite similar slope and aspect mean values (Appendix A). Cool Temperate
Rainforest burned to the lowest extent and the lowest severity (68% unburnt). Cool Temperate Rainforest also has the highest proportion
on south facing slopes (75%) and the highest mean elevation (-1027m), despite the highest mean TPI (0.89) and the highest mean slope
(25.14). This may highlight the signi�cance of elevation and aspect in determining rainforest distribution within the study area,
potentially overriding other topographic variables.

Topography
Topographic Position Index (TPI), elevation, aspect and slope were analysed for each sample point within the GEEBAM burn extent and
1km buffer zone (Figure 4; Figure 5; n = 42502). Rainforests in low topographic positions, southern aspects, low incline slopes and high
elevations were less likely to burn and burned to a lower extent. Rainforests that existed in opposition to these characteristics, were found
to be more likely to burn and to a greater severity.

Topographic Position Index
Topographic Position Index (TPI) in�uenced burn severity, with a positive trend in TPI correlating with an increase in burn severity. The
most noticeable increase was in very high severity burning (mean -0.10), compared to a mean of -0.42 for high severity and -0.75 for low
and moderate severity. These results indicate that less sheltered TPI locations (ridges) are more likely to burn at a higher severity than
more sheltered locations (valleys). Interestingly, there is no difference between mean values of unburned and low-moderate severity
burning (-0.75), indicating that TPI had less in�uence on the chance of burning than the severity of burning. Mean TPI also increased
with elevation, suggesting that at higher elevations topographic position is less necessary for rainforest persistence, presumably due to
increased moisture content and decreased temperature.

Elevation
Mean rainforest elevation varied signi�cantly across burn severity, with a clear positive correlation between elevation and burn severity.
The unburned rainforest vegetation mean (meters) was 696.73, low to moderate was 573.82, high was 489.24 and very high was 452.34.
This indicates that rainforests at lower elevations were at a greater risk to burning during the 2019-20 bush�re season, with higher
severity burning occurring more commonly at lower elevations. This is likely due to higher moisture content and cooler temperatures
often associated with higher elevations; both of which are antagonistic to high intensity �re (Ash 1988). The results may also be
in�uenced by elevated montane areas having a greater proximity from urbanization and agriculture and a greater likelihood of protected
area status (and associated �re management plan) than lower elevations.

Slope
Mean rainforest slope also shifts positively with burn severity, although less linearly than elevation. Within the burn extent, rainforest
exists predominantly on slopes from 10-30 degrees (x̅18.64 ± 9.96). Unburned vegetation has a signi�cantly lower mean slope (17.25),
whereas slope does not vary signi�cantly between burn severity classes, with a slight decrease in the very high severity mean slope
(20.22) from low and moderate (20.66) and high (20.56). This indicates that slope may have in�uenced the likelihood of burning,
although less so the severity of the burning (the opposite of the TPI metric). This may be a result of �re having less opportunity to spread
laterally on steeper slopes (Ash 1988)

Aspect
Aspect also in�uenced the burn extent and severity of rainforest vegetation, with the results indicating that northern aspects are at a
greater risk of burning and typically burn to a higher severity than southern aspects. 52.62% of rainforests on north facing slopes were
unburnt compared to 61.60% on southern slopes. Burnt rainforest vegetation on northern aspects was higher for all burn severity classes
than southern aspects. Detailed aspect analysis that includes more de�nitive cardinal directions (Supplementary Documents) also
reveals that north-eastern slopes were most likely to burn and southwestern slopes least likely to burn. Aspect results are inherently linked
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to divergencies in solar radiation, which in�uences vegetation and soil dryness, hence in�uencing rainforest fuel �ammability (Ash 1988).
Wind direction may also be a factor for aspect, potentially in�uencing temperature shifts, drying of fuels and �re spread.

Qualitative analysis
Qualitative analysis of the rainforest burn severity, size and shape indicates that burns typically occurred on the borders of rainforests,
with severity often declining deeper into the rainforest vegetation (Mapping in Supplementary Documents). Smaller and narrower
patches within the burn extent appear to have burned more extensively than larger patches, often leaving no refugia within. Thus, larger
and wider rainforest patches were more effective at withstanding surrounding �re to produce an inner protected refugia. Whether this is
indeed in�uenced by the size of the rainforest patch, or just the likelihood of smaller patches burning to a higher percentage requires
further statistical analysis.

Discussion

Burn extent and severity: An early warning sign for rainforest collapse?
This study theorized that extensive, intense and severe burning of rainforests occurred across the conservation zone during the 2019-20
bush�re season, which is supported by the results. Approximately 17% (~110,000ha) of all rainforests encountered �re, varying in
severity from low and moderate (~13%), to high (~4%) and very high (~1%). Burn extent across key vegetation categories ‘subtropical
rainforest’ and ‘warm temperate rainforest’ was alike (~17%), although warm temperate rainforest burned marginally more severely.
Within the burn extent and 1km buffer the overall likelihood of rainforest burning was ~42%, with ~31% of burnt rainforest occurring at a
low and moderate severity, ~9% at a high severity and ~2% at a very high severity. This demonstrates the ferocity of the 2019-20
bush�res in eastern Australia, supporting evidence of drought and high intensity �re weakening typically �re-resistant rainforest refugia
(Collins et al 2019).

The resilience of these rainforests to extensive burning of varied severity is di�cult to determine. Rainforests have the capacity to recover
from low to moderate severity burning, however, this severity of burning also has the capacity to reduce rainforest resilience to recurrent
�re and pioneer invasion (Hjerpe et al. 2001; Cochrane and Schulze 1999). Upon �eld assessment, we may even �nd that the inherent
nature of aerial analysis has concealed high severity burning within the rainforest subcanopy (Meddens et al. 2018). The extent of severe
rainforest burning is particularly alarming, with high severity burning rare in most rainforest environments (Cochrane 2003; Williams et al.
2012). There is a chance that areas of rainforest burnt to a high severity may be at risk of shifting to a new state, especially where
canopy cover is reduced, enabling shade intolerant pioneer species to invade (Murphy and Bowman 2012). As demonstrated by Fletcher
et al. (2014), burned rainforests bordered by pyrophytic communities are at a particularly high risk of pioneer invasion and should be
closely monitored (Cadd et al. 2019). The resilience of older individual rainforest trees will also be critical for maintaining a seed source
for post �re recovery (Hoffman et al. 2018).

With future meteorological forecasts predicting an increase in �re weather and droughts for eastern Australia, we are likely to see more
frequent high intensity �re events (Bowman et al 2020; Dowdy 2018). Recurrent �re is a particularly threatening process for rainforests,
with the potential to enact positive feedback mechanisms in which rainforest that is in the early post-�re successional stages (sub-
climax) is more vulnerable to, and at a higher risk of, burning more frequently and more severely (Cochrane and Schulze 1999). Pioneer
species that have in�ltrated rainforests following the 2019-20 season may promote and enhance follow up �res within the rainforest
burn extent, irrespective of future climatic shifts (Cochrane and Schulze 1999). Further drought over the coming years and perhaps
decades is also likely to inhibit rainforest recovery (Harvey et al. 2016; Tepley et al. 2017; Little�eld 2019). Recurrent �res and single
severe �re events both have the potential to shift rainforest to a new state (Fletcher et al. 2020; Bradstock et al. 2002; Cochrane and
Schulze 1999), therefore it is vital that we monitor these systems for signs of catastrophic failure (Scheffer et al. 2012). Concerningly,
early warning signals of catastrophic failure are not always detectible, meaning that we may be unable to tell if a rainforest is on the
verge of a critical transition until collapse is imminent (Scheffer et al. 2012). The severity of the 2019-20 season may be a false alarm for
a system that is highly resilient to climate change, or it may be an early warning sign of a system at risk of widespread collapse.

Rainforest Refugia
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This study found that unburnt rainforests in mid-eastern Australia during the 2019-20 bush�re season shared similar topographic �re
refugia characteristics to that of rainforests in south-eastern Australia (Holz et al. 2020; Wood et al. 2011; Collins et al. 2019), tropical
north-eastern Australia (Ash 1988) and globally (Krawchuk et al. 2016), re�ecting the �re rainforest antagonism described by Wood et al.
(2011). This study found that rainforests on northern aspects, lower elevations, steeper slopes and ridges burned more intensely and to a
greater extent, with the opposing topographic features more likely to act as �re refugia for rainforests. Furthermore, the study found that
rainforest generally occupied mesic topographic features, such as southern aspects, to a greater extent than northern aspects, likely a
result of favourable climatic conditions for rainforests and reduced �re potential. Despite research pointing to the muted effects of
topography in severe drought fuelled �re weather in south-eastern Australia (Collins et al. 2019), this data indicates that topography is a
crucial component of rainforest resilience to high intensity drought fuelled �re in mid-eastern Australia. Importantly, the cooler and wetter
climatic conditions of mesic topographic locations should improve rainforest recovery outcomes post-�re (Harvey et al. 2016; Dodson
and Root 2013).

Elevation appears to be a critical component of burn severity and extent, with elevation negatively correlated with burn severity. This is
likely a re�ection of a higher moisture content and lower temperature in montane environments of eastern Australia (Reside et al 2013).
Studies have found high levels of endemism in eastern Australian montane regions (Weber et al. 2014; Reside et al. 2013) indicating that
their climatic diversity provides critical refugia for species and communities to retreat to in times of warming temperatures and
increasing aridity. This is re�ected in the negative elevation and burn severity gradient of this study. Importantly, post-�re recovery
outcomes can improve with increased elevation (Dodson and Root 2013). As a result, we can assume that higher elevation rainforests
will be critical rainforest refugia following the 2019-20 bush�re season and in a more �re prone climate, particularly elevated areas that
are reinforced with other topographic features (Dobrowski 2011).

Qualitative analysis of the mapping demonstrates that bush�re often, although not universally, diminished in severity with inward
progression into larger rainforests. As a result, there appears to be a rainforest-�re buffer, in which �re diminishes as it penetrates the �re-
resistant vegetation. This is obvious when we consider that rainforest produces a microclimate that suppresses �re propagation
(Cochrane 2003), with larger rainforests better equipped to progressively suppress �re as it advances into the mesic environment,
simultaneously minimising spot �re propagation. It is also likely that larger rainforests more frequently exist in locations that have more
favourable climatic conditions and reduced �re occurrence. Thus, larger rainforest systems may be more likely to provide refugia that lies
deeper within the rainforest perimeter. This may also be important for enabling post �re recovery, where rainforest refugia retains the
reproductive capacity and genetic diversity for re-expansion under more favourable conditions (Williams et al. 2012). Conversely, smaller
patches that burn completely may be more likely to undergo a transition to a new state.

Conclusions
This observational study indicates that topographic features, moisture and rainforest size did in�uence the severity of rainforest burning
in the study area during the 2019-20 season. As a result, we conclude that topographic features such as elevation, aspect, topographic
position and slope are important for rainforest �re refugia in eastern Australia, even under extreme �re weather and severe drought. The
research further supports evidence that rainforests located at higher elevations, less angular slopes, poleward aspects, within valleys and
in larger patches may be more likely to persist during drought fuelled bush�re events. As a result, rainforests �tting these topographic
and spatial criteria may play a crucial refugia role in biodiversity perseverance during anthropogenic climate change (Meddens et al.
2018).

The study also reveals the broad extent to which rainforests did burn during the bush�re season (~17%). Areas that burned to a high and
very high severity (~5%) may be at the greatest risk of shifting to an alternate stable state and should be further investigated, particularly
regarding the in�uence of surrounding vegetation. It is di�cult to determine how mid-eastern Australian rainforests will respond to the
extensive low and moderate severity burning, with recurrent �re events likely to test the resilience of these �re sensitive systems.

With forecasts for further positive shifts in bush�re severity, bush�re frequency and drought, rainforests may be at risk of rapid
distribution and biodiversity declines (Bowman et al. 2020; BOM and CSIRO 2020). The consequences may be enormous, with potential
for widespread species extinction and massive declines in biodiversity, a reduction in ecosystem services and the potential to positively
in�uence an already warming climate, leading to compounding bush�re events and escalating rainforest declines (Corlett 2016; Seidl et
al. 2016; Bowman et al. 2020; Aragão et al. 2018). As persistent rainforest �re refugia is critical for the retention of genetic diversity and
the protection of threatened species during climatic change (Reside et al. 2013), further research must address its potential and its
limitations in order to implement adaptation and mitigation strategies to improve rainforest resilience and avoid rapid decline.
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Due to the broad scale and non-ground validated nature of the datasets, all results should be considered as a broad scale estimate,
designed primarily as an instigator of more focused research. Future research should consider higher resolution and �eld validated data.
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The Eastern Australian Temperate and Subtropical Forests Conservation Zone (red).

Figure 2

Distribution of Major rainforest vegetation groups within the Eastern Australian Temperate and Subtropical Forests Conserva-tion
Management Zone study area. Calculated by the authors in 2020 with the National Vegetation Information System dataset (NVIS
Technical Working Group 2017).

Figure 3

Percentage of rainforest points burnt for the Eastern Australian Temperate and Subtropical Forests Conservation Manage-ment Zone
study area (white) and within the GEEBAM burn extent and 1km buffer (dark grey). Burn extent was calculated for the period of 1 July
2019 to 24th of February 2020 (DAWE 2018; DAWE 2020).
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Figure 4

Violin Plots with overlaid boxplots representing GEEBAM burn severity of rainforests within burn extent and 1km buffer zone in
comparison with key topographic variables (n = 42, 502). (A) Topographic position index, where positive values represent with ridges and
negative values represent valleys (TPI scale varies depending upon the study resolution). (B) Ele-vation in meters in comparison with
burn severity. (C) Slope in degrees.
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Figure 5

North facing aspects (0-90 degrees/270-360 degrees; non-poleward facing) and south facing aspects (90 – 270 degrees; poleward
facing) in comparison with burn extent per burn severity category. Cool temperate rainforest and dry rainforest or vine thickets were
excluded in this analysis due to their lower sample size.
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