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Effects of fire on koalas and their habitat
The purpose of this document is to provide a review of the latest information on the effects of fire on koalas and their habitat and to identify knowledge gaps in currently available peer-reviewed literature. The document aims to provide contemporary information on how fire affects habitat values for koalas at different time scales, how fire regime, size and severity affect koalas, and the implications for post-fire management.   
12
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The koala (Phascolarctos cinereus) is a specialist folivore with a diet that consists primarily of eucalypt foliage. Koalas can be found in a diverse range of forest types from open woodland in semi-arid regions in western NSW and Queensland to subtropical and temperate closed forests on the east coast of Australia (Department of Agriculture Water and the Environment, 2022). Many of these landscapes are fire prone. For example, between August 2019 and March 2020, 12.6 million hectares burnt on the eastern side of Australia, severely damaging ecosystems and placing further stress on native species that were already vulnerable (DPIE, 2020b, Wintle et al., 2020). This included an estimated 25% of suitable koala habitat in NSW (DPIE, 2020b) and around 10% across their distribution (Map 1). 
Fire is a key threatening process for koalas (Department of Agriculture Water and the Environment, 2022). The potential immediate effects of fire on koalas (for example injury and mortality) are well reported in both the media and scientific literature (Lunney et al., 2022a, Matthews et al., 2007, Matthews et al., 2016, Parrott et al., 2021, Phillips et al., 2021). Fire can also affect habitat use by animals, their foraging behaviour, growth rates, reproductive capacity, risk of predation and more (Weiss and Brower, 2021, Brisson et al., 2003, Herzog et al., 2016, Herzog et al., 2014, James and M'Closkey, 2003, Wild and Gienger, 2018, Howey et al., 2016). Despite their iconic status and the significance of fire in the Australian landscape, there is limited information about how fire ultimately impacts koalas and koala habitat. In part, this is because the magnitude of effects and the final outcomes depend on a complex set of interactions between pre-fire conditions, fire severity, fire history, fire frequency, environmental conditions, habitat type, koala abundance, population health, other threats, and post-fire conditions. 
Fires are often patchy in their distribution across the landscape and vary in severity from cooler understorey fires to high severity fires resulting in complete canopy consumption (Map 1). Fire can be incredibly damaging in the short term, but it also plays an essential role in shaping vegetation composition and biodiversity in the Australian landscape (Burrows, 2008). A plant’s response to fire can be classified in one of two ways; ‘seeders’ perish after fire and new individuals emerge via seed, while ‘resprouters’ regenerate from existing buds (Burrows, 2013). Resprouters can be further divided into ‘basal’ (regeneration from buds at or below ground level and through structures such as lignotubers) or ‘epicormic’ (regeneration above ground on branches and stems) (Burrows, 2013). Epicormic resprouting allows quicker recovery in fire-prone landscapes, which in turn assists in the recovery of ecosystem function (Pausas and Keeley, 2017). 
As a group, eucalypts are considered to be the most proficient and successful epicormic resprouters (Burrows, 2013), potentially resulting in only short-term loss of food for koalas (Matthews et al., 2007). However, the recovery of eucalypts post-fire is dependent on a number of factors, including forest composition, seasonal conditions before and after the fire, and the patchiness and intensity of fire (Martin and Handasyde, 1999). The frequency and severity of extreme weather conditions including drought, heat waves and fires are expected to rise as the climate changes (Bowman et al., 2021). The changing fire regime may hinder the ability of forests to survive and recover (Nolan et al., 2021).
The nutritional composition of epicormic regrowth (for example digestible protein and deterrent or toxic plant secondary metabolites) may differ from mature canopy foliage due to differences in the way in which resources are allocated to epicormic leaves. There is surprisingly little information about the magnitude of these differences or the capacity of koalas, or any marsupial folivores, to eat epicormic regrowth from eucalypts recovering from fire, although recent unpublished research suggests that these relationships are likely to differ across eucalypt species (K. Marsh and K. Youngentob unpublished data). This knowledge gap creates uncertainty about whether human intervention is needed to support uninjured koalas in heavily burnt landscapes, and in determining the timing of release for rehabilitated koalas into fire-affected areas. 
There have been relatively few studies examining the longer-term capacity of koalas to survive in habitat recovering from fire. The only series of published studies to intensively monitor a population of koalas after fire found that survival, reproductive rates and home range sizes were similar between rehabilitated koalas who were later released and uninjured koalas from the same fire-affected area in Port Stephens, NSW, although mortality was high in both groups (Lunney et al., 2004, Matthews et al., 2007, Matthews et al., 2016). Despite a mosaic of fire intensity across the study site, 70 % of trees in which koalas were observed during the day were burnt, and koalas used burnt areas extensively (Matthews et al., 2007). This demonstrated, for the first time, that koalas in Port Stephens did not need to be moved to unburnt habitat post fire to ensure their survival. 
Several other published studies, as well as unpublished research from the 2019-2020 bushfires provide additional data to support the idea that koalas can persist in burnt landscapes. These include observations of koalas or their scats in burnt habitat (Curtin et al., 2001, Lunney et al., 2020, Phillips et al., 2021) and acoustic data and GPS-tracking that demonstrate that koalas utilise burnt areas (Law et al., 2022b; M. Lane and K. Marsh unpublished data). One key element to the post-fire survival of koalas or the recolonisation of severely burnt areas may be the proximity and connectivity to fire refuge areas or to habitat that burnt at lower severity (Law et al., 2022b). Overall, the scientific literature suggests that the scale and severity of fire influences effects on both koalas and their habitat, but that even high severity fire does not necessarily render a landscape uninhabitable to koalas.
This document reviews the current state of knowledge about the direct effects of fire on koalas, such as death and injury, and indirect effects such as increased risk of exposure to other threatening processes. It also describes fire impacts on koala habitat, including potential changes in foliage availability and quality, forest structure, the timeframe of habitat recovery, and how this affects the koala. Finally, the document discusses a variety of management actions and post-fire interventions that are aimed at minimising the risks or effects of fire on koalas. Throughout the document, we point out key knowledge gaps, and highlight where the current data are too limited to make broad conclusions under alternative scenarios.
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[bookmark: _Ref104803759][bookmark: _Toc112423172]Map 1. The extent and severity of the 2019-2020 bushfires in south-eastern Australia relative to the distribution of the koala.
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The full impacts of fire on koalas are relatively poorly understood, firstly because there are limited pre-fire data on koala health, movements, and abundance in most areas across their range. Without these pre-fire data, it can be difficult to assess whether some findings are a response to fire or due to natural variation in koala ecology and abundance (Cristescu et al., 2021). Thus, caution should be used when interpreting post-fire data without the equivalent measurements pre fire. Secondly, the consequences of fire are likely to be influenced by complex interactions between a range of factors including pre-fire conditions, fire extent and severity, connectivity to unburnt refuges, and the rate of landscape recovery. This means that not all findings will apply to all locations and situations. 
Where the effects of fire on koalas have been estimated, it is clear that they can be substantial. For example, it has been estimated that up to 80% of koalas were lost from some areas during the 2019-2020 “Black Summer” bushfires (Dunstan et al., 2021, Cristescu et al., 2021, Phillips et al., 2021). Theoretically, fire may also have more subtle effects on the resilience and recovery of koala populations by influencing the distances traversed by koalas, their risk of predation, and disease incidence and transmission, but these factors have been poorly studied in koalas to date.  
[bookmark: _Toc103176297][bookmark: _Toc103177281][bookmark: _Toc112422952]Injury and mortality· Koalas are killed and injured by fire
· Mortality rates are higher in areas in which the canopy has been scorched or consumed
· Some koalas rescued from fire grounds can be rehabilitated and later released

The most conspicuous and immediate impacts of fire on koalas are death and injuries. However, it can be surprisingly difficult to estimate fire-induced mortality rates in wild koalas because there is limited information on pre-fire population densities across much of the koala’s range. Even after fire, the cryptic nature of koalas, and the limitations of the various methods used for determining koala presence and abundance makes it difficult to assess the number of survivors (Youngentob et al., 2021b, Dunstan et al., 2021, Cristescu et al., 2021, Phillips et al., 2021). Furthermore, it can be difficult to extrapolate any specific findings to other locations due to differences in fire severity, population health, habitat condition, and predation, which are also likely to influence outcomes. Nevertheless, multiple studies suggest that the impacts of fire on koala mortality can be substantial.
On Kangaroo Island, South Australia, it has been estimated that up to 80% of koalas perished in the Black Summer fires (Department for Environment and Water South Australia, 2020). In NSW and Queensland, Cristescu et al. (2021) used thermal drone surveys and genetic fingerprinting to estimate that koala densities were 24-71% lower in burnt sites compared to three out of four paired unburnt controls. Likewise, Phillips et al. (2021) used the spot assessment technique (SAT) and rapid-SAT to search for koala scats after the Black Summer bushfires, and estimated that mean habitat occupancy was reduced by 71% at sites between Foster and Ballina on the north coast of New South Wales. However, koala scats were five times more likely to be found in areas where canopies were unburnt or only partially burnt compared to areas that were fully burnt (Phillips et al., 2021). Law et al. (2022b) also found a relationship between the severity of fire and changes in the density of koalas using acoustic arrays on the NSW north coast. Specifically, at sites which did not burn or burnt with low severity, koala densities were similar before and one year after fire, whereas koala densities were 50-60% lower one year post fire at sites that burnt with moderate to high severity (Law et al., 2022b). Koalas appeared to be absent when sites were sampled immediately after the high severity fire, so their presence one year later likely points to recolonisation of that habitat (Law et al., 2022b). Together, these findings demonstrate that the effects of fire on koala mortality are variable, and that the availability and size of habitat patches that burn with lower severity is likely to be critical to the survival of individuals along with connectivity with less affected populations to allow recolonisation. 
Information about fire-related injuries and subsequent outcomes for koalas predominantly come from wildlife rescue organisations, who routinely rescue fire-affected animals following bushfires (Figure 1). It has been estimated that less than 1% of the affected koala population within a region is rescued after fire, but this likely reflects that rescue operations are often haphazard and tend to be concentrated in accessible areas where fire severity is lower rather than that few koalas are injured (Lunney et al., 2022a, Dunstan et al., 2021). Reports from the Black Summer bushfires suggest that about half of the koalas rescued from firegrounds were able to be treated and later released (Dunstan et al., 2021, Lunney et al., 2022a, Parrott et al., 2021).
Common injuries for koalas include burns to the foot pads, claws and face, smoke inhalation, and dehydration (Dunstan et al., 2021, Lunney et al., 2022a, Parrott et al., 2021). The location and severity of burns influences the likelihood of recovery in care. For example, burns to the face are a poor prognostic indicator as they can interfere with feeding, seeing, and smelling (Dunstan et al., 2021). Burns to the foot pads are also of particular concern for koalas as they can prevent the animals from climbing trees to access shelter and food (Dunstan et al., 2021). Damage to the nail beds from burns can also result in permanent loss of the claws which are required for tree climbing (Dunstan et al., 2021, Lunney et al., 2004). Although these individuals may otherwise recover in care, they may be unsuitable for release if enough claws are impacted. Koalas with minor burns are sometimes rescued many weeks post-fire (Dunstan et al., 2021, Wallis, 2013), and in some cases their burns heal without intervention (K. Marsh personal observation). 
Koalas rescued from fire grounds are also often dehydrated, and those suffering from burns are even more likely to be dehydrated (Dunstan et al., 2021, Parrott et al., 2021) because significant fluid losses can occur due to the disruption of the skin’s barrier. It is not known whether there is a relationship between dehydration pre fire (for example from high temperatures and/or drought that may precede extreme fire conditions) and either the likelihood or severity of burns or of successful rehabilitation outcomes, but any pre-fire dehydration is likely to compound any further dehydrating impacts of fire. Koalas with burns are also often in poor body condition at presentation, but it is not clear whether this is a direct result of fire or whether individuals or populations in worse body condition leading up to fire (for example due to disease or drought) are less likely to escape injury from fire and are more likely to succumb when injured (Dunstan et al., 2021). 
Post-fire surveys and data from rescue organisations clearly show that, at a landscape scale, many koalas survive in burnt habitat, depending on fire severity (DPIE, 2021, Law et al., 2022b, Cristescu et al., 2021, Phillips et al., 2021). However, the impact of fire on koala numbers is likely to be region and local population specific, and to depend on the severity and extent of fire, which is non-uniform. This makes extrapolation from the limited number of studies difficult. Nevertheless, Law et al., (Law et al., 2022b) suggested that the Black Summer fires may have reduced the density of koalas in the north-east region of NSW by approximately 13% based on the observation that 9.8% of landscape samples (2 km × 2 km) in koala habitat were dominated by high fire severity, while a further 6.1% were dominated by moderate fire severity. However, at the population level, the impacts may not be directly related to absolute mortality metrics because sparsely populated areas or areas with low levels of connectivity may become non-viable following a relatively small loss in numbers (Lunney et al., 2002, Lunney et al., 2020). 
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[bookmark: _Ref104804403][bookmark: _Toc112423166][bookmark: _Ref104804382]Figure 1. Veterinary assessment of a rescued koala and joey by Dr Arianne Lowe (left), and a burnt koala food pad (right). Photos by Karen Marsh.


[bookmark: _Toc112422953][bookmark: _Ref445985062][bookmark: _Toc409769199]Physiological stress· Limited data suggest that koalas affected by bushfire are more stressed than healthy wild koalas
· Chronic stress can reduce animal and population fitness 
· Hot, dry environmental conditions prior to or following fire could also affect animal physiology and resilience to fire effects

Physiological stress describes a state of disturbance to the normal internal functioning of an organism, triggering internal or external mechanisms that seek to restore the internal milieu. In the short term this response is beneficial, but in the long term it can be detrimental. Chronic stress can affect a variety of factors that are associated with individual and population resilience, including body condition, reproduction and susceptibility to disease (Davies et al., 2014, Bonier et al., 2009, Hing et al., 2016). Food deprivation, dehydration, hot temperatures, injury and bringing wild animals into captivity can all cause stress responses in a variety of studied animals (Narayan and Williams, 2016). Koalas often experience several of these conditions in conjunction with a fire event. In response to stress, animals may allocate energy resources away from specific physiological functions, such as reproduction and growth, to prioritise short-term survival (Narayan and Williams, 2016, Weiss and Brower, 2021). The effects can persist for months after the stressor event. For example, in the year after fire, female lizards were smaller in burnt areas than unburnt areas despite being in better body condition, and they also displayed less ornamentation, a signal of female quality and readiness for mating (Weiss and Bower 2021). 
Physiological stress has been poorly studied in koalas, but limited data suggest that koalas impacted by bushfires have higher stress levels than healthy wild koalas (Narayan, 2019), and koalas that are brought into captivity show varied stress levels depending on source, cause and treatment (Charalambous et al., 2021, Narayan and Vanderneut, 2019, Santamaria et al., 2021). The potential consequences of this deserve consideration given that they could affect the fitness of individuals and the capacity of populations to recover after fire (Weiss and Bower 2021; Narayan and Williams 2016). Certainly, hot, dry conditions, which often precede and/or follow fire, can cause physiological stress to koalas, resulting in loss of condition and a decline in numbers (Davies et al., 2014, Gordon et al., 1988). Heat-stressed animals decrease their food intake to avoid contributing additional heat burden from foraging and the digestion process (Youngentob et al., 2021a, Beale et al., 2018). Animals which eat toxic diets, such as the koala, may also become less tolerant to those toxins in hotter conditions, meaning food intake is reduced even more than expected in the heat (Beale, 2020). Koalas that eat less will also dehydrate more quickly since they obtain most of their water from their food (Beale et al., 2018). 
Female koalas living in burnt habitat have been observed with joeys within a year following fire (Lunney et al. 2004; K. Marsh personal observation), demonstrating that reproduction is not completely suppressed by potential stress experienced by populations in fire-affected areas. However, reproductive rates have not been specifically compared before and after fire in any population, and some individuals may be more impacted than others. Likewise, several months after the 2019-20 fires, koalas in burnt habitat in the NSW Monaro region were no more likely to be exhibiting symptoms of chlamydia, an important disease in koalas, than koalas in unburnt habitat (M. Lane and K. Marsh unpublished data), suggesting that their immune system was not compromised. However, there is no way to determine whether immune suppression played a more important role and contributed to elevated mortality from disease earlier post fire. With growing recognition of the effects of physiological stress on wildlife resilience in the literature, it is likely that more researchers will investigate how stress shapes the post-fire responses of koalas in the future. This also highlights the importance of monitoring and documenting population recovery after fire.
[bookmark: _Toc112422954]Health and Disease· Several key diseases, including chlamydia and koala retrovirus, can affect koala health and survival
· There has been no research to determine whether changes in koala density after fire affect disease transmission
· In some populations, reduced fertility due to chlamydia could slow population recovery after fire
· Koalas can breed and reproduce in burnt habitat

Disease, in particular infection with Chlamydia spp or koala retrovirus (KoRV), is a major threat to koala survival in some areas across its range (Reckless et al., 2017, Polkinghorne et al., 2013, Rhodes et al., 2011). While there has been significant research into both chlamydia and KoRV (see Quigley and Timms, 2020), no published studies have directly examined the relationship between disease status and the impact of fire. One possibility is that physiological stress from the conditions preceding or following fire could exacerbate the effects of disease (Hing et al., 2016). Another is that the effects of disease may make koalas more vulnerable to death or injury from fire, and/or compound the effects of reduced food availability or dehydration following fire. For example, dehydration is both a symptom of chlamydial infection (Phillips et al., 2019) and a concern for koalas in recently burnt habitat (Dunstan et al., 2021, Parrott et al., 2021). These types of effects are difficult to untangle without data from known individuals both before and after fire. However, Speight et al. (unpublished data) found no association between burn status and KoRV or chlamydia status in two populations of koalas in South Australia.
One issue that is beginning to be investigated is whether the presence of antimicrobial resistant bacteria in koala microbiota reduces the efficacy of antibiotics in koalas treated for fire-related infection or chlamydial disease. Preliminary research at Macquarie University has found that the prevalence of resistance genes to key anti-chlamydial antibiotics (chloramphenicol and doxycycline) in urogenital tract and conjunctival microbiota was higher in fire-affected than non-fire-affected koalas (McDougall et al., unpublished data). Fire-affected koalas also had a higher diversity of resistance genes, suggesting that they had acquired the bacteria carrying resistance genes multiple times in care (McDougall et al., unpublished data). In addition, an antibiotic resistance determinant associated with bacteria in the gut was not detected in free-ranging koalas on Kangaroo Island pre fire, but it was present in almost half of fire-affected koalas entering care (McDougall et al., unpublished data). The increased prevalence and diversity of antimicrobial resistance in fire-affected koalas entering care may exacerbate the already significant threat of bushfires and chlamydial disease on Australia’s declining koala population.
In some koalas, infection with chlamydia reduces fertility (Polkinghorne et al., 2013, Burach et al., 2014, Pagliarani et al., 2020). This has important implications for the time frame and capacity for population recovery after fire as a lower number of fertile individuals will limit reproductive rates. However, population viability analyses conducted at several locations suggest that high rates of mortality (for example due to fire or predation) can have a greater influence on whether populations decline or increase than low rates of fertility, even though both play a role (Lunney et al., 2002, Lunney et al., 2007). Thus, integrated management of all major threats to koalas may be needed for building populations (Beyer et al., 2018).
There is currently no information on how fire interacts with disease transmission in koalas. Theoretically, effects could be either positive or negative. It may be possible that reduced koala densities following fire slows disease transmission, or that congregation of animals into unburnt patches speeds disease transmission, or that stress from fire enhances disease transmission by increasing bacterial or viral loads, or that the compounding effects of disease and fire remove the most diseased individuals resulting in slowed overall transmission. Given the significance of both fire and disease as threatening processes to koalas, filling this knowledge gap would be of significant value.
Ignoring the immediate effects of fire on injury and mortality, koalas that survived in burnt habitat in the NSW Monaro region were in similar body condition to those living in nearby unburnt habitat at both 3-6 months and 12 months after the Black Summer fires (M. Lane and K. Marsh unpublished data). Furthermore, koalas living in both habitats were able to successfully breed and reproduce (M. Lane and K. Marsh unpublished data), a finding similar to earlier studies on the NSW mid-north coast (Matthews et al., 2016, Lunney et al., 2007). This highlights that burnt forests can continue to be breeding habitat for koalas (Figure 2). 
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[bookmark: _Ref106351429][bookmark: _Toc112423167]Figure 2. A female koala and joey in burnt habitat in the NSW Monaro region. Photo by Murraya Lane.

[bookmark: _Toc112422955][bookmark: _Toc103176300][bookmark: _Toc103177284][bookmark: _Toc103176301][bookmark: _Toc103177285][bookmark: _Toc103176302][bookmark: _Toc103177286]Koala movements· Koalas move along the ground between trees
· It is not known whether koalas flee fire or remain in situ
· It is not known whether koalas alter their movements in response to changes in cover and food availability
· Koalas can live wholly within burnt habitat if adequate food is available
· Some individuals from nearby areas move into burnt habitat

Koalas are often viewed as sedentary, likely owing to their nocturnal nature; however, during the night they regularly move between trees. Koalas readily traverse a few hundred metres along the ground between and within habitat patches, and can move more than 500 m across cleared land (Davies et al., 2013). Young male koalas, but also females will also disperse between populations and some tracked koalas have walked several kilometres cross-country (Lunney et al., 2012). Although covering these distances is possible, they come at the cost of energy and risk to the koala. 
There are several ways in which fire could conceivably affect the movement patterns of koalas. Examples include fleeing an approaching fire front, increasing the distances travelled after fire to utilise remaining or regrowing patches of food and/or shelter, avoiding areas that have been intensively burnt, exiting or recolonising fire affected areas, and adjusting home range boundaries in response to changes in population structure. Currently, there is little evidence to either support or refute most of these scenarios, although anecdotal observations from Kangaroo Island suggest that some koalas at least attempt to flee the fire (C. Moore personal communication). 
[bookmark: _Toc103176304][bookmark: _Toc103177288][bookmark: _Toc103176305][bookmark: _Toc103177289][bookmark: _Toc103176306][bookmark: _Toc103177290][bookmark: _Toc103176307][bookmark: _Toc103177291][bookmark: _Toc103176308][bookmark: _Toc103177292][bookmark: _Toc103176309][bookmark: _Toc103177293][bookmark: _Toc103176310][bookmark: _Toc103177294]The best information on the effects of fire on koala movements comes from studies that have radio- or GPS-tracked groups of koalas after wildfire. They show that, within three months of fire (the timing of study commencement), koalas can live wholly within burnt habitat and can use and traverse areas that have been severely impacted by fire (Matthews et al., 2007, M. Lane and K. Marsh unpublished data). In addition, some individuals move into burnt areas from neighbouring habitat within 12 months of fire (Law et al., 2022b). Daily and seasonal distances travelled by koalas living in burnt habitat can also be similar to those of koalas living in nearby unburnt habitat (Matthews et al., 2007, M. Lane and K. Marsh unpublished data). Together, these findings demonstrate that koalas are not excluded from burnt habitat, and that they do not necessarily need to restrict or alter their movements in fire-affected landscapes.
[bookmark: _Toc103176312][bookmark: _Toc103177296][bookmark: _Toc103176313][bookmark: _Toc103177297][bookmark: _Toc103176314][bookmark: _Toc103177298][bookmark: _Predation][bookmark: _Toc112422956]Predation · Globally, changes in predator-prey dynamics after fire depend on the ecosystem context
· Predation by dogs is a key threat to koalas in some areas of Australia
· Invasive predator abundance can increase after fire, but it is not known whether this affects predation rates on koalas 

Predation by dogs is one of the primary threats to koalas in some areas of Australia (Lunney et al., 2004, Beyer et al., 2018, Allen et al., 2016, Lunney et al., 2022b), but it is not clear whether predation or predation risk to koalas increases after fire. For some prey species, fire can increase the risk of predation as animals move away from advancing fire fronts, and as vegetation that provides shelter is removed (Geary et al., 2020). For example, in a before-after, control-impact study in forest in south-eastern Australia, the removal of understory by prescribed burning disadvantaged small to medium sized native prey in the short term (Hradsky et al., 2017). In the northern savannas of Australia, predation on small mammals by cats and dingoes increased in burnt habitat and was a key driver of a decline in their numbers after fire, while the fire itself had a relatively small impact on numbers (Leahy et al., 2016). For other species, however, removal of undergrowth can make predators easier to detect and evade (Geary et al., 2020). Thus, there is no clear global trend for how fire influences predator-prey dynamics, with responses most likely determined by ecosystem context (Geary et al., 2020).
For koalas, there is no published data comparing koala mortality from predation before and after fire. However, on the NSW mid-north coast, predation by dogs was the most common reason koalas died following release into burnt habitat after rehabilitation from burns (Lunney et al., 2004), although it is not clear whether predation rates differed between burnt and unburnt patches of habitat or before and after fire. Nevertheless, a population viability analysis showed that, when combined, the rates of mortality from fire and from predation by dogs could lead to extinction of the population (Lunney et al., 2007). Thus, the effects of dog predation can be significant, and the potential for increased predation after fire could further increase the risks to koalas. 
Under some circumstances, foxes could also potentially pose a greater risk to koalas after fire. Red foxes and cats were five times more common after the undergrowth was removed by fire in a forest in south-eastern Australia (Hradsky et al., 2017). Anecdotally, foxes may attack young koalas or mothers with joeys (Cristescu et al., 2013), and have sometimes also been observed climbing trees (Mella et al., 2019). 
 
[bookmark: _Toc103176316][bookmark: _Toc103177300][bookmark: _Toc103176317][bookmark: _Toc103177301][bookmark: _Toc103176318][bookmark: _Toc103177302][bookmark: _Toc103176319][bookmark: _Toc103177303][bookmark: _Toc103176320][bookmark: _Toc103177304][bookmark: _Toc103176321][bookmark: _Toc103177305][bookmark: _Toc103176322][bookmark: _Toc103177306][bookmark: _Toc103176323][bookmark: _Toc103177307][bookmark: _Toc103176324][bookmark: _Toc103177308][bookmark: _Toc103176325][bookmark: _Toc103177309][bookmark: _Toc103176326][bookmark: _Toc103177310][bookmark: _Toc103176327][bookmark: _Toc103177311][bookmark: _Toc103176328][bookmark: _Toc103177312][bookmark: _Toc103176329][bookmark: _Toc103177313][bookmark: _Toc103176330][bookmark: _Toc103177314][bookmark: _Toc112422957]Effects of fire on koala habitat
Fire has some well-documented effects on eucalypt trees, such as the removal of canopy foliage and the regrowth of new leaves from dormant epicormic buds. While these effects are immediately relevant to koalas via changes in food quality, food availability, and shelter availability, the consequences of fire burning koala habitat are still poorly understood. Any effects are likely to be mediated by fire severity, the scale of the area impacted, and the post-fire environmental conditions during forest recovery.
Fire has been part of the Australian landscape since the end of the Cretaceous period (Crisp et al., 2011). During this time eucalypts have experienced a long history of adaptation to fire, a clear example of which is the ability of many species to survive being burnt and to resprout from epicormic buds under the bark within days to weeks of fire (Crisp et al., 2011, Burrows, 2002, Gill, 1978, McCaw et al., 1994, Wardell-Johnson, 2000). Nevertheless, high severity fire that removes the canopy foliage can have immediate impacts on shelter, microclimate and the quality and availability of food for koalas (Figure 3). Fire may also affect koala habitat quality in the longer term through changes in the age structure of stands and eucalypt species composition.
The effects of fire on eucalypts depend on fire severity, frequency and characteristics of the trees, including size, bark, and regeneration strategy (Vivian et al., 2008, Zylstra et al., 2016). Habitat recovery can also occur over different time scales. In the short term, many eucalypts produce epicormic leaves which persist for months to years. In the medium term, seedlings are recruited, often creating a dense understorey. In the long term, the habitat matures to its pre-fire structural state. These stages may have different value for koalas, and high fire frequency has a negative effect on modelled habitat suitability (Law et al., 2017). Importantly, however, koalas do not appear to be excluded from habitat at any stage.
[image: A group of burnt trees.]
[bookmark: _Ref104804651][bookmark: _Toc112423168]Figure 3. Severe fire can remove all of the canopy in koala habitat until epicormic regrowth begins. Photo by Karen Marsh.

[bookmark: _Toc112422958]Food availability· High severity fire can reduce the immediate availability of food for koalas
· Low severity fire is unlikely to affect food availability
· Many eucalypt species produce epicormic regrowth soon after fire
· Eucalypts that regrow from basal buds or from seed may be slower to provide food for koalas
· Koalas can eat epicormic regrowth from a variety of species, so food shortages after fire are likely to be temporary in a multi-species forest

As obligate folivores, the availability of eucalypt leaves for food is critical to the survival of koalas. Intense fire can scorch or consume the canopy, reducing immediate food availability and potentially creating a nutritional “crunch point” (Figure 3). However, the effects of fire on landscapes are not uniform, with some areas being burnt more severely than others (Law et al., 2022b). The immediate effects of fire on food availability for koalas may therefore range from almost nothing under conditions of low-severity fire, to patchy across the home range of a koala in which fire severity varies, to the complete temporary loss of all food resources (Law et al., 2022b). 
Due to the difficulty in observing koalas immediately after fire, and the complexity of interactions between a) fire severity mosaics, b) the capacity of koalas to move between food patches, and c) variation in the rate of epicormic resprouting, there is little direct information about how changes in food availability immediately after fire affect koalas. For example, in some regions, koalas move several hundred metres to kilometres each night (Davies et al., 2013, Lunney et al., 2012) and may therefore be able to find food in small patches that burned with lower severity by moving through more severely burnt areas. This is a key knowledge gap that creates uncertainty about whether human intervention, such as temporarily capturing koalas until regrowth appears or providing in situ feeding stations in the first few weeks after fire, provides any benefit or indeed adds any stress. Indirectly, koalas rescued within weeks of fire are often in poor body condition (Dunstan et al., 2021), but it is not clear whether this is due to the loss of food resources, or to the effects of fire on the koalas themselves (for example stress, injury and dehydration), or an indication of pre-fire conditions (for example heat or drought). 
Even after severe fire, many Eucalyptus species survive and resprout from epicormic buds under the bark (Burrows, 2002, Gill, 1978, McCaw et al., 1994, Wardell-Johnson, 2000). This resprouting can begin almost immediately after fire, which provides koalas with a new potential source of food within weeks to months. Koalas have been observed in resprouting burnt trees as soon as three months after fire (Figure 4) (Matthews et al., 2007, Lunney et al., 2007, Curtin et al., 2001), and koalas in care are known to feed on the epicormic regrowth from some eucalypt species (M. Lane and K. Marsh unpublished data). Furthermore, koalas can gain body weight and condition and reproduce in areas that have been impacted by intense fire once leaves are regrowing (Lunney et al., 2004, M. Lane and K. Marsh unpublished data, Matthews et al., 2007, Lunney et al., 2020). This suggests that any food shortages for koalas after fire are likely to be temporary, despite being an important initial impact. 

[image: A koala in a tree that is resprouting epicormically after fire.]
[bookmark: _Ref104460444][bookmark: _Toc112423169]Figure 4. A koala in a eucalypt that is resprouting epicormically after fire. Photo by Michael Weinhardt.

[bookmark: _Toc112422959]Food quality· The nutritional composition of epicormic regrowth differs from mature canopy
· Epicormic foliage from some eucalypt species may be more nutritious to koalas while others may be more toxic
· Koalas can eat epicormic foliage from at least some eucalypt species, but more research is needed to understand variation across their range
· In areas that have been studied, habitat that has been severely impacted by fire and is producing epicormic foliage can support koalas
· The community composition of eucalypts could influence the rate of koala population recovery via changes in nutritional quality in epicormic leaves

Eucalypt leaves contain a variety of chemical constituents, including nitrogen (a proxy for protein) and plant secondary metabolites (PSMs) such as tannins, formylated phloroglucinol compounds (FPCs), and unsubstituted B-ring flavanones (UBFs), which drive the foraging decisions and population densities of koalas (Moore et al., 2005, Moore et al., 2010, Marsh et al., 2014, Au, 2018, Au et al., 2019, Marsh et al., 2019, Marsh et al., 2021). High concentrations of FPCs and UBFs limit food intake by the koala, and koalas tend to favour trees that have lower concentrations of these compounds and higher digestible nitrogen concentrations (an integrated measure which incorporates the effects of tannin binding on foliar nitrogen available to the animal for digestion; Moore et al., 2005, Marsh et al., 2021, Degabriel et al., 2008). Foliar chemistry that dictates browse preference can vary both within and between eucalypt species (Moore et al., 2005, Au et al., 2019) and between different leaf phases (for example juvenile or adult; Gras et al., 2005) and ages (for example young or old; Marsh et al., 2018). Although some foliar constituents can be influenced by environmental factors, digestible nitrogen, FPCs and UBFs are largely determined by the genetics of the tree, and no links to soil type, fertility, or geologic substrate have been consistently identified (Andrew et al., 2010, Andrew et al., 2007).
Preliminary data suggests that, where the eucalypt canopy remains intact, fire may have minimal effects on the nutritional composition of mature leaves (K. Marsh and K. Youngentob unpublished data). Thus, both food availability and food quality likely remain stable for koalas in habitat that has been subjected to low severity fire. In contrast, the nutritional composition of juvenile phase epicormic regrowth can differ from that of adult phase mature leaves from the same eucalypt species (K. Marsh and K. Youngentob unpublished data). Interestingly, the effects are not consistent between eucalypt species. In a recent study on the NSW north coast, digestible nitrogen concentrations were higher in epicormic leaves compared to mature leaves from some eucalypt species but were lower in others (K. Marsh and K. Youngentob unpublished data). Likewise, concentrations of PSMs in epicormic leaves were higher, similar, or lower than in mature leaves from the canopy depending on the species (K. Marsh and K. Youngentob unpublished data). Initial data suggests that epicormic leaves from eucalypt species of the Symphyomyrtus subgenus are more likely to be higher in quality for koalas than mature leaves, while species of the Monocalyptus (also called Eucalyptus) subgenus may be lower (K. Marsh and K. Youngentob unpublished data). However, this requires further investigation across a larger number of eucalypt species to confirm. It is also worth noting that the epicormic leaves were collected at a single point in time more than 12 months post fire, and it is not known whether quality differs in much younger or much older leaves. Nevertheless, there are two main points to note. First, when epicormic leaves are present, the nutritional landscape available to koalas differs from pre-fire values. And second, the eucalypt species available could have a profound effect on whether the quality of food for koalas increases or decreases after fire.  
The change in nutritional quality of available food when epicormic leaves are produced has implications for the effects of fire on koalas. In other wild mammalian herbivore species, individuals with access to higher quality food are in better condition and have higher rates of reproduction (DeGabriel et al., 2009, McArt et al., 2009), and the effects are probably similar in koalas. Certainly, landscapes with more preferred koala browse species of high nutritional quality (that is higher concentrations of digestible nitrogen and lower concentrations of PSMs) have a higher carrying capacity and higher habitat value (Au et al., 2019, Au, 2018, Law et al., 2017). Given these strong relationships, more research is needed to determine whether an upward or downward shift in food quality after fire influences the rate at which koalas and koala populations can recover, and to understand which eucalypt species or communities are most beneficial to them under post-fire conditions.
[bookmark: _Shelter_and_microclimate][bookmark: _Toc112422960]Shelter and microclimate· Shelter is important to koalas for thermoregulation
· Fire can alter the microclimate and the level of exposure to radiant heat
· It is not known whether koalas in burnt habitat are more likely to suffer from heat stress

Aside from food, koalas may seek out certain trees, including non-eucalypts, for specific thermal properties that provide shade or offer cooler or warmer surface temperatures to help with thermoregulation (Ellis et al., 2010, Briscoe et al., 2014, Crowther et al., 2014). It is likely that these properties are determined by the type of bark (for example smooth or rough), tree size and/or density of canopy foliage, and that any tree or shrub that possesses the appropriate properties might be favoured for resting, even if it is not favoured as food. For example, koalas have been observed “hugging” cooler smooth barked tree species during hot conditions (Briscoe et al., 2014), or sitting in midstorey species with dense canopies (Ellis et al., 2010). Koalas may also use landscape features to assist with thermoregulation and have been observed selecting trees in sunny sheltered positions during cold weather and sheltering in dense epicormic regrowth in hot conditions (Lunney et al., 2020).
Following high severity fire, canopy cover provided by foliage is reduced, exposing koalas to more radiant heat from the sun (Figure 5). There is little information on how long the canopy cover is reduced after fire, but in one instance the canopy had recovered 5-7 years after fire (Heath et al., 2016). Prolonged exposure to heat can cause physiological stress in koalas (Degabriele and Dawson, 1979). However, there has been no specific investigation of whether fire, or the change in microclimate induced by fire, affects the shelter preferences of koalas. Nevertheless, the availability of habitat elements that provide refuge from high temperatures may be particularly important following fire given the additional risk of dehydration. These elements could include cooler, wetter areas, such as mesic areas along creek lines, or trees or shrubs with intact canopy. 
[image: A koala in tree with no leaves
]
[bookmark: _Ref104455581][bookmark: _Toc112423170]Figure 5. A koala exposed to full solar radiation in a burnt tree. Photo by Michael Weinhardt.

[bookmark: _Toc112422961]Forest structure and age· Fire can remove ground cover, midstorey and/or canopy depending on severity, initially making forests more open
· Understorey vegetation can grow back in dense stands after fire
· Forests dominated by species that regrow from seed may form uniform stands with a more variable microclimate
· Koalas can use young trees for feeding within their habitat, but often rest in larger trees

Fire can have an immediate impact on landscape vegetation structure by removing the ground layer and midstorey, and at high severity, the canopy. In the short term, the area may be more open, but disturbed areas generally regrow with densely packed stands of vegetation within the first few years after fire (Heath et al., 2016). Little is known about whether these changes affect koalas, but there is the potential to both facilitate (when undergrowth is removed) or impede (when dense regrowth occurs) ground-based movement, and/or to increase or reduce predation risk. These are discussed further in sections 1.4 and 1.5, respectively.
The removal of canopy and resprouting of epicormic leaves can also change the structure of individual trees for several years. This could affect the availability of shelter and the microclimate for koalas, as discussed in section 2.3. The resprouting of leaves from the trunk rather than on the ends of branches could also potentially make it physically more difficult for koalas to feed. However, there is no evidence that this limits their capacity to obtain sufficient food. 
For plant species that are sensitive to fire and must regrow from seed, intense fires can lead to the regeneration of single age stands, and for eucalypts this is most apparent in southern Australia (Nolan et al., 2021). Younger age stands are subjected to greater daily variation in temperature than older forests and are hotter during the day (Lindenmayer et al., 2022, Lindenmayer et al., 2011). Koalas are often seen sheltering in older, larger trees (Matthews et al., 2007) and survival of these larger trees will depend greatly on the eucalypt species and fire severity. However, they do not exclusively need access to these trees; they frequently use younger smaller trees for feeding and shelter and revegetated areas or areas with younger trees can be viable koala habitat (Law et al., 2018, Kavanagh and Stanton, 2012). For example, one study of revegetated farmland found that koalas used trees as young as 2-4 years old for feeding, but they would rest in nearby remnant older trees. By the time trees were 7 years old they were large enough that koalas were observed sheltering in them during the day (Kavanagh and Stanton, 2012).
[bookmark: _Toc112422962]Soil composition· Fire can alter soil nutrients available to plants, but the relationship is complex and depends on many factors
· Fire can alter soil moisture, but it is not clear whether this affects water uptake by trees in a mature forest
· Since nutritional chemistry is largely determined by genetics it is possible that changes to soil have no effect on palatability to koalas.

Fire can alter the physical, chemical and biological properties of soil and the ecosystem nutrient status (Toberman et al., 2014, Shakesby et al., 2015, Bodí et al., 2014, Wang and Fu, 2020). The effects, however, can be complex and depend on, for example, vegetation type, combustion temperature, post-fire dispersion of ash, and soil erosion (Bodí et al., 2014, Neary et al., 1999). There is therefore little information about how changes in soil composition may affect the quality and availability of eucalypt leaves for koalas. For example, in some studies, fire can increase the availability of phosphorous, and since phosphorous is a limiting nutrient for plants, increased availability can increase plant productivity (Raison et al., 2009). However, Santín et al. (2018) found a decrease in soil phosphorous bioavailability after fire in a eucalypt forest near Sydney. Furthermore, only a portion of the nutrients incorporated into soil are present in forms that are available for plant uptake (Bodí et al., 2014). Glasshouse studies suggest that nutrients in ash can have positive effects on plant growth (Kutiel and Naveh, 1987, Bodí et al., 2014) because ash beds can make fertilisation last longer (Raison, 1979, Chambers and Attiwill, 1994, Humphreys and Lambert, 1965), but little is known about how these effects translate to established forest ecosystems. 
In some systems, soil composition can influence the nutritional value of various plant parts (Braithwaite et al., 1984, McArthur et al., 2003). However, there are limited data on the role of soil properties in influencing the concentrations of nutritional constituents known to be important to koalas (Gleadow et al., 2002, Moore et al., 2004), and even less on how these constituents may be affected by changes in soil composition after fire. Research suggests that tree genetics play an important role in the production of key koala deterrent PSMs in eucalypt foliage (Andrew et al., 2010, Andrew et al., 2007), so there may be limited scope for changes in soil quality to affect foliar concentrations of these constituents. This may explain why concentrations of these compounds in mature canopy leaves were not affected by fire on the NSW north coast (K. Marsh and K. Youngentob unpublished data). Likewise, foliar concentrations of nitrogen did not differ consistently between overstorey trees or planted seedlings at burnt and long unburnt sites (for example Close et al., 2011a, Close et al., 2011b). Although more research is needed, there is currently no data to suggest that changes in soil chemistry after fire affect the nutritional quality of mature (that is canopy intact) eucalypt leaves for koalas.
There are complex hydrological effects of fire on soil moisture, which change over time, and it is unclear the impact this has on koalas or the leaves on which they feed. Suites of interacting factors may result in either decreased or increased soil moisture. For instance, changes in the structure of forests after fire (for example reduced shading) and the interaction of fire with other factors like pre-fire fuel load, burn severity and duration can initially reduce soil moisture content (Neary et al., 1999). Furthermore, decreased absorbency due to loss of leaf litter may result in lower soil moisture and increased runoff (Tulau, 2015), while reduced evapotranspiration due to defoliation may increase soil moisture initially, but then as evapotranspiration rapidly increases when regrowth begins soil moisture is reduced again (Tulau, 2015). 
Some studies report that water deficit in eucalypt seedlings can influence the concentration of specific PSMs (Leicach et al., 2010, Doran and Bell, 1994), but adult eucalypts often use deep tap roots rather than surface moisture and may be less affected (Hamer et al., 2016). Another possible effect of reduced water availability to trees after fire is a reduction in leaf moisture content, although this has not been specifically investigated. Koalas are dependent on leaf moisture for most of their water requirements, especially in areas where there is little standing water, and reduced water availability in leaves has been hypothesised to contribute to declines in koala numbers during drought (Davies et al., 2014, Clifton, 2010, Clifton et al., 2007, Gordon et al., 1988). Despite this, young eucalypt leaves, including epicormic regrowth, are generally higher in moisture than mature leaves (Marsh et al., 2018; K. Marsh and K. Youngentob unpublished data), which may assist with meeting water requirements. In summary the effects of fire on soil moisture are dependent on complex suites of factors, vary enormously, and it remains unknown how this affects the value of eucalypt leaves for koalas.
[bookmark: _Toc112422963]Time scale of habitat recovery· Rate of recovery of vegetation after fires depends on many factors, but forests that resprout epicormically can recover quickly
· Koalas may be more vulnerable to nutritional stress in the short to medium-term in landscapes that mainly regrow from seedlings
· Demographic shifts in eucalypt species community can occur after fire, which may change the ability of the area to support koalas long-term

The rate of recovery of vegetation from fire depends on the confluence of many factors including fire severity, climate, light, nutrient availability, species composition, topography, and fuel load before the fire (Williams, 1995, Ooi et al., 2004, Wright and Clarke, 2007, Keeley, 2009). Different eucalypt species respond to fire in different ways and over different time scales. While many species produce epicormic regrowth relatively quickly after fire, and therefore provide a rapid food source for koalas, some species, mostly in southern Australia, are killed and must regrow from seed (Nolan et al., 2021). These latter species may take years before they contribute substantially to the available food for koalas. Although it has not been specifically investigated, koalas may be more vulnerable to post-fire nutritional stress in landscapes where they depend on eucalypt species that are obligate seeders, which do not resprout.
Forests resprouting from epicormic regrowth recover faster than those that need to resprout from seed (Morrison et al., 1995, Clarke et al., 2009, Gill, 2012, Enright et al., 2012), however there has not been a great deal of analysis at the landscape scale to document this recovery period (Bradstock et al., 2002, Enright et al., 2012). Of the four studies looking at post fire recovery of vegetative communities at the landscape scale in Australia, only two examine eucalypt forests within the distribution of the koala. Both studies examined forest communities in the Sydney Basin, dominated by eucalypt species which resprout epicormically. In one, the canopy appeared to fully recover based on canopy spectral characteristics within five to seven years post severe bushfire (Heath et al., 2016) and in the other the recovery period was three to six years after fire (Caccamo et al., 2015). This timeframe may be different for different severity fires, and different forest types, however areas not yet fully recovered to a mature canopy state can still support koalas in the meantime.
As trees transition from the initial stage of soft, juvenile epicormic regrowth to fully expanded juvenile leaves, to intermediate leaves, and finally, after many years, to adult phase leaves, the nutritional value of the leaves likely also changes. Currently, the nutritional quality of epicormic leaves for koalas has only been examined at a single point in time, more than 12 months post fire. These leaves differed in nutritional composition from mature leaves sampled from the same trees pre fire (K. Marsh and K. Youngentob unpublished data), demonstrating that changes in nutritional quality for koalas after fire can be long-lasting. However, there is a need to investigate how food quality and availability change over time from the first appearance of epicormic regrowth through to the return of mature canopy, and of mature and epicormic regrowth in the same season after fire, to better understand habitat quality for koalas during this crucial period of recovery.
In the longer term, fire can also alter the species composition of koala habitat via selective mortality of fire-sensitive species and/or an increase in recruitment from seedlings, some of which can outcompete others (Bennett et al., 2016). Long unburnt forests (30-50 years) play a minor role in maintenance of floristic diversity in dry forests (more so in wet), and a diversity of fire ages within community types helps to maintain this diversity (Penman et al., 2011). The likelihood of demographic shifts in forest communities following fire depend on interactions between fire severity, the response strategy of trees, and competition dynamics. The consequences for koalas are difficult to predict without a specific understanding of the value of each species to koalas, but the effects could be either positive or negative depending on the degree and direction of change. As one example, silvertop ash (Eucalyptus sieberi), which is of low nutritional quality and is not a major component of the diets of koalas (DPIE, 2018, Youngentob et al., 2021b), may be particularly fast to regrow from seed after disturbance events and can come to dominate forests in almost monoculture stands after repeated disturbance (Au et al., 2019, DPIE, 2020a). Some areas on the south coast of NSW and East Gippsland in Victoria that have seen repeated fire and logging have experienced shifts in vegetation communities that favour silvertop ash  (DPIE, 2020a, Au et al., 2019). Forests in that region that are monocultures or near‑monocultures of silvertop ash are unlikely to support koala populations (DPIE, 2020a, Au et al., 2019). 
[bookmark: _Toc112422964]Landscape context· The severity of fire and its effects varies across the landscape
· It is important to protect potential fire refugia
· Koalas can recolonise burnt areas from fire refugia and nearby unburnt habitat if it is connected
· Habitat that burns more frequently may be less suitable for koalas
· Fire may interact with other threats to koalas to exacerbate rates of decline
· Climate may influence habitat recovery
· Fire can have long-term impacts on koala abundance

The consequences of fire for koalas and their habitat must be considered within the context of the broader landscape. For example, fire extent, fire frequency, connectivity to unaffected habitat, plant community composition, climate, and the density and health of the wider regional koala population could all influence the rate and capacity for habitat and population recovery, as shown by historical analyses (for example Lunney et al., 2016). In addition to this, the effects of fire on koalas and their habitat are not uniform across the landscape (Law et al., 2022b, Phillips et al., 2021). Variation in topography, weather conditions, microclimate, vegetation composition and vegetation structure all influence fire behaviour (Godfree et al., 2021, Bradstock et al., 2002, Taylor et al., 2021, Taylor et al., 2014, Zald and Dunn, 2018, Zylstra, 2018, Estes et al., 2017). This generates a landscape-scale mosaic, whereby some pockets of vegetation burn at a lower severity than others (Map 1). These fire refugia, which often include cooler, wetter areas along creek lines or in gullies (Collins et al., 2019), may be critical for the survival of individuals during extreme fire events, and likely act as a base from which koalas can recolonise more intensively burnt areas as the vegetation recovers (Chia et al., 2015, DPIE, 2021). Post-fire surveys following the 2019-2020 bushfires clearly show that, at a landscape scale, some koalas survive in burnt habitat (Law et al., 2022b, Cristescu et al., 2021, Phillips et al., 2021). There are currently no clear guidelines about how to identify potential fire (and/or drought) refugia for koalas, but as this information becomes available, it may be particularly important to ensure that such areas are protected. 
Even after severe fire, koalas can recolonise burnt habitat within 12 months. For example, koalas were not detected one to two months after high-severity fire on the NSW north coast, but they were present 12 months later (Law et al., 2022b). In the NSW Monaro region, two GPS-tracked koalas moved several kilometres from unburnt habitat into habitat that had burnt less than six months previously. In both instances, intensively burnt habitat was continuous with habitat that did not burn or had burnt at lower severity. Landscape connectivity is likely to be critical in facilitating natural recolonisation (Chia et al. 2015), and fire could have greater negative long-term consequences for the viability of populations at the local scale in fragmented habitat where immigration rates are low (Lunney et al., 2007). Furthermore, habitat fragmentation can increase the flammability of the landscape because of edge effects in the remaining fragments, such as higher light, wind, heat, and desiccation as well as shifts from mesic to drier vegetation types (Armenteras et al., 2013).
In a case study of the 2013 fire in Warrumbungle National Park, Lunney et al. (2020) described how landscape context and multiple factors interacting with fire can produce devastating effects on koala populations. The koala population in Warrumbungle National Park was considered a healthy, thriving population and following the inception of the park and regrowth of koala habitat within, the koala population had been growing (Lunney et al., 2020). However, a decade of drought culminating in a fire in 2013 resulted in a massive crash from which the population has not yet recovered (Lunney et al., 2020). The population had already been in steep decline due to the drought (estimated 80% decline) and when a fire burnt 90% of the park with 75% of the fire burning at high severity, the results were devastating. Immediately following the fire, seven koalas were found either within the park or in the close surrounds, however none were seen in six months of searching after that, nor in the following seven years (Lunney et al., 2020). Preceding these events, the park was considered a source population for the surrounding areas, and following the fire, koala sightings on private property around the park have also been far lower (Lunney et al., 2020). Unlike some other populations that have bounced back relatively quickly after fire (Lunney et al., 2007, Lunney et al., 2004, Matthews et al., 2007, Matthews et al., 2016), the koala population in Warrumbungle National Park was vulnerable through isolation from unburnt source populations, and clearing of surrounding areas for farming since European colonisation (Lunney et al., 2020). This highlights that protection of koala habitat on private land should be enacted to complement protected reserves (Law et al., 2022a), but also that small protected areas are vulnerable, in particular in a changing climate, to the compounding effects of multiple threats. Koala populations can survive and recover after fire, however their ability to do so is impeded by the existence of other interacting factors, in this case extended drought, habitat fragmentation and habitat loss in the surrounding area.
The spatial extent of habitat affected by fire is also likely to be an important factor influencing outcomes for koalas. This is highlighted by concerns over the scale of the 2019-2020 bushfires (Map 1) and the potential cumulative effects on koala declines across their listed range. For example, in NSW, approximately 22% of modelled high or very high suitability koala habitat was affected by fire (DPIE, 2021). In north-east NSW, 9.8% of landscape samples (2 km x 2 km) in koala habitat were dominated by high fire severity, while a further 6.1% were dominated by moderate fire severity (Law et al., 2022b). In fire-affected areas, arboreal marsupials are more abundant where more of the surrounding landscape is unburnt or burnt with low severity (Chia et al. 2015). Annual monitoring of koala occupancy at the regional scale in north-east NSW since 2015 is showing a stable trend, likely because most habitat was unburnt or burnt with low severity fire (DPI, 2022). Thus, broad-scale patterns of fire and its severity can influence local-scale outcomes. 
Forest type and plant species composition may affect both fire severity and rate of recovery. For example, some eucalypts must regrow from basal epicormic shoots or from seed (Nolan et al., 2021). These may be less suitable for koalas in the short term than fast-growing epicormic regrowth due to a dearth of available food immediately after fire. Communities which resprout epicormically are highly resilient to fire and more resilient to shifts in fire regime, however they may still experience shifts in community composition following repeated canopy scorch (Nolan et al., 2021), or in situations where epicormic resprouting fails and recruitment is mainly from seed (Bennett et al., 2016).
While, globally, the presence of fire in a landscape is associated with greater biodiversity (He et al., 2019), a variety of studies have shown that when landscapes experience more frequent fire they support a lower diversity and/or abundance of mammal fauna (Griffiths et al., 2015, Chia et al., 2015) and that the impact of fire on biodiversity is influenced by fire type (Pastro et al., 2011). In addition, while in the brief period immediately following fire the flammability of a disturbed forest may be lower, research shows that there can be a positive feedback loop such that disturbed forests become more flammable when regenerating after fire (Zylstra, 2018). There are few studies that address this issue specifically with koalas, although species distribution modelling predicted that sites with lower fire frequency (between 1975 and 2015) and lower fire severity were more likely to be highly suitable koala habitat (Law et al., 2017). Repeated fires that resulted in koala mortality also reduced the modelled viability of a koala population (Lunney et al. 2007) while studies with infrequent fire (one in a 10yr period) had only a small negative effect on occupancy (Law et al., 2018). Another study on forested land indicated no effect of recent fire on occupancy, although only a small number of sites had been recently burnt (Law et al., 2022a). More research is needed to disentangle the effects of fire frequency from other threats facing koalas to better understand factors affecting habitat suitability in fire-prone landscapes (Nolan et al., 2021). 
Many koala populations are exposed to a variety of other threats in addition to fire (Beyer et al., 2018, McAlpine et al., 2015, Rhodes et al., 2011, Ashman et al., 2019). The effects of fire on population persistence and recovery may therefore be magnified in some populations relative to others. For example, Lunney et al. (2007) showed that the combined effects of dog predation and fire had a greater impact on the likelihood of population extinction than either scenario alone. Similarly, low rates of fertility and a lack of recruitment of new individuals into populations, such as can occur in highly fragmented landscapes, can reduce the potential for populations to recover from fire events (Lunney et al., 2007, Lunney et al., 2002).
Local and regional climatic conditions are well known to influence koala distributions (Briscoe et al., 2016). Climate likely also plays an important role in both habitat and koala population recovery from fire. For example, drought and/or heat stress coupled with fire can increase the rate of mortality in eucalypts (Nolan et al., 2021). Koalas are also susceptible to heat stress (Gordon et al., 1988) and drought, which could compound the effects of fire (Lunney et al., 2020). The amount of rainfall can influence recruitment success for seedlings (Nolan et al., 2021), which could have long-term implications for forest recovery and vegetation community composition. Ultimately, different landscapes and populations will recover from fire at different rates. 
Fire is likely to have important long-term consequences for koalas at both local and regional scales, and these effects may be exacerbated under climate change. For example, in a variety of simulation scenarios, the predicted abundance of adult koalas in a model population was always lower 100 years into the future when the effects of the Black Summer fires were included (Spence, 2020). Furthermore, the focal population was predicted to switch from increasing abundance under the current climate to stable under a future climate scenario, or from stable to declining depending on the climate model used (Spence, 2020). This suggests that koalas in some areas may become even less resilient to fire and altered fire regimes in the future.
[bookmark: _Toc112422965]Management implications
Strategic management actions or responses may reduce the risk or consequences of wildfire to koalas. For example, areas that are revegetated could incorporate eucalypt species that are likely to provide nutritionally adequate epicormic regrowth after fire. Likewise, in the event of severe fire, koalas are more likely to be able to survive and/or recolonise areas that are appropriately connected to potential fire refuges such as creek lines. Any proposed actions, however, should be considered in the appropriate context because there may also be unintended consequences. 
Hazard reduction burns are commonly used to reduce the risk of high intensity wildfire. However, there is a lack of information in the scientific literature about the short-term effects of these practices on koalas and their habitat. Their effectiveness in protecting koala habitat in the longer term has also been questioned. Some before and after experiments are currently underway assessing prescribed burning impacts on koalas (B. Law and M. Drury personal communication), and the results of these will likely inform future recommendations.
Following fire, management interventions may or may not be required for fire-affected koalas or fire-affected habitat. Wildlife organisations typically rescue koalas from fire grounds and rehabilitate fire-affected koalas in captivity before release. While these efforts only reach a small number of affected animals, they can be quite successful at the individual animal level (Lunney et al., 2022a, Dunstan et al., 2021). Furthermore, while there is information available on the treatment and care of burnt koalas once captured, there is a lack for information on survival of fire affected koalas left in situ. The provision of drinking water for wildlife on fire grounds has also become more common in recent years (for example DPIE, 2021). This has clear benefits in terms of hydration, but there is a need to investigate potential risks further.
Whether management actions are required to improve or restore koala habitat after fire is likely to be context dependent. For example, there is no clear evidence about whether the removal of dead trees or dense understorey and revegetation provide any benefit over natural recovery processes. In some cases, the removal of timber (for example salvage logging) can impede the recovery of vegetation and reduce biodiversity (Lindenmayer and Noss, 2006). However, there are other situations where repeated disturbance can alter the forest vegetation community and reduce habitat value for koalas (Au et al., 2019), which may require intervention such as thinning and revegetation to restore plant diversity. Importantly, programs that integrate the control of multiple threats including fire, dogs, and disease control are likely to be the most successful for koalas. Any management interventions that are undertaken should involve a well-designed monitoring program.
[bookmark: _Toc112422966]Habitat composition and connectivity· Potential fire refugia should be conserved to enhance the likelihood that koalas will survive a fire event
· Connections should be maintained between fire refugia and habitat patches to facilitate recolonisation after severe fire
· Revegetation programs that plant a variety of local eucalypt species provide options for koalas to shift their diet to the most nutritious species in the event of a fire

Koalas are more likely to survive a fire event in areas that burn with lower severity (Law et al., 2022b, Phillips et al., 2021). Current research suggests that cooler, wetter areas along creek lines or in gullies can act as fire refugia for wildlife (Collins et al., 2019). The strategic protection of such areas may therefore reduce the risk that fire will decimate a koala population. Other landscape characteristics or habitat elements may also reduce the likelihood of high severity fire, but more work is needed to evaluate these. 
If koalas survive in the surrounding area, they can recolonise severely burnt habitat within 12 months (Law et al., 2022b). Although koalas can move several hundred metres across open ground in some circumstances, there is intrinsic value in pre-emptively creating or maintaining continuous connectivity or habitat corridors between habitat patches and potential fire refugia to facilitate these types of movements.  
Revegetation activities that are undertaken to restore or improve koala habitat or to create movement corridors may have additional risk mitigation and benefits if the tree species used provide adequate food for koalas after fire as well as under normal conditions. One way to achieve this is to ensure that most species are epicormic resprouters rather than seeders. Another is to incorporate a variety of species from different eucalypt subgenera in similar proportions to those encountered naturally locally so that koalas can select the most nutritious food available in different situations. Preliminary research suggests that epicormic leaves on some eucalypt species are higher in nutritional quality than mature leaves, while others are lower, and this may be partly influenced by the subgenus to which a species belongs (see section 2.2). The availability of a mixture of species should allow koalas to shift their diet preferences to accommodate changes in leaf quality when epicormic leaves are present after fire. 
[bookmark: _Toc112422967]Prescribed burns· Prescribed burns can reduce fuel loads in the short term, but may also rapidly increase fire risk through the regeneration of dense understorey
· Little is known about how prescribed burns impact koalas directly

Prescribed burns are a management tool for reducing fuel loads to decrease the risk of uncontrolled, high severity fire. However, the effectiveness of prescribed burning differs between vegetation communities and is influenced by a variety of other factors including topography and climate (Bradstock et al., 2009, Penman et al., 2020). Furthermore, prescribed burning can increase subsequent fire risk and/or fire severity if undertaken at inappropriate intervals. This is because, after a period of low flammability immediately after prescribed burning (Hislop et al., 2020), some landscapes regrow with  a dense understorey with higher flammability (Zylstra, 2018). In these landscapes, high-severity bushfires are less likely in older, mature forests than in those that have been subjected to recent prescribed burns (Zylstra, 2018, Zylstra et al., 2022). Thus, the success of prescribed burning depends on the timing and intensity of management regimes.
Koalas occupy a variety of land tenures. Often prescribed burning, fuel reduction activities, and fighting of wildfires take place to protect human assets from fire. Koalas living on private property may therefore at times benefit from these activities and be more protected from fire than neighbouring koalas in national parks (Gallahar et al., 2021). Simulation of fire behaviour showed that koalas are most protected with a wider area being treated for fuel load, however fires can still spread through areas with low fuel loads if fire weather is severe, and in these conditions the fuel load is less important (Bentley and Penman, 2017). Population viability analyses also suggest that prescribed burns may have little impact on the long-term (for example 100 years) outcomes for koalas, because climate change increases the likelihood of severe fire weather (Spence, 2020). Likewise, modelling work by Lunney et al. (2007) suggested that small frequent fires did not reduce the risk of koala population decline any more than less frequent intense fires, however this population was already suffering from high rates of mortality due to dog predation in Port Stephens.
Prescribed burns are generally intended to be cooler than unmanaged wildfire and the majority of the canopy ideally remains undisturbed (Price et al., 2022). Indigenous cultural burning practices are lowest severity and consume less fuel than either wildfire or prescribed burns, pose the least risk for positive flammability loops, and may encourage regeneration by heating the seed bank (Zylstra et al., 2022, Price et al., 2022). Currently, there is no information in the peer-reviewed literature about the responses of koalas to prescribed fire or cultural burns, but the effects are likely to be similar to low severity wildfire if the canopy remains intact. Specific concerns have been raised when prescribed burning is used in areas with low tree height (for example <15m), as koalas may not be able to avoid the heat of the fire and low tree canopies can be scorched, resulting in a removal of both food and shelter (Melzer and Ellis, 2009). There is research underway on the impact of cultural burns on koala density and habitat on North Stradbroke Island, and preliminary results suggest that koala densities were not significantly lower 6-11 months after these burns (Samarawickrama, Unpublished Research). 
Prescribed burning is sometimes used to remove weeds and rainforest plants that may be overgrowing koala habitat (Bowman, 2000, Lee et al., 2013). Although there has been no specific research on the impact of weeds on koala habitat, there are hypotheses that the fire practices of Aboriginal peoples resulted in a reduction in rainforest area and an expansion of dry forest resulting in expansion of koala occupancy in north-eastern NSW (Bowman, 2000, Lee et al., 2013). Another hypothesis is that prescribed burns may improve the health of eucalypt trees by reducing the palatability of leaves for folivores via fire-induced changes in soil moisture and chemistry (Jurskis, 2017, Turner et al., 2008). Under this scenario, Jurskis (2017) proposed that frequent, low severity burning, like that carried out by traditional owners, would prevent irruptions of koalas. Jurskis (2017) argued that koala populations in many cases are not in decline, but rather populations are crashing following irruptions due to mismanagement of vegetation resulting in flushes of young nutritious leaf followed by intense folivory, although there is no supporting data and both the mechanisms and predictions have been challenged by other authors (for example Lunney et al., 2017). Currently, there is no evidence to support relationships between fire frequency, soil composition and subsequent changes in leaf chemistry and herbivory (for example Close et al., 2011a, Close et al., 2011b, Turner et al., 2008). 
[bookmark: Title_A2]Management practices such as prescribed burns would benefit from more information on the relationship between fire extent, frequency, and severity and the rates and severity of injury to koalas, as well as impacts on koala habitat. The authors are aware that there are currently studies underway using before after comparisons to look more closely at the effects of prescribed burns on koalas and their habitat (B. Law, and M. Drury personal communication) and these results will be useful to fill an important knowledge gap.
[bookmark: _Toc112422968]Threat control· Integrated threat management programs may help to reduce additional indirect impacts of fire on koalas

A variety of threats, including predation by dogs, vehicle strike and disease, can have significant impacts on the abundance of koalas and the viability of koala populations (Lunney et al., 2007, Reckless et al., 2017, Rhodes et al., 2011). This, in turn, may exacerbate the consequences of fire and the likelihood of population recovery. While the impacts of fire are dramatic, rehabilitation records show that other threats can outweigh fire in their apparent impact on koalas in some regions. For example, in a 31-year study of koala rehabilitation in north-east NSW, the number of koalas rescued from fire was fewer than 100 of the 5,051 koalas admitted to rehabilitation (Lunney et al., 2022b). 
As discussed in Section 1.5, since koalas typically moves between trees on the ground, removal of undergrowth by fire may expose them to higher levels of predation, particularly by feral dogs, but maybe also foxes (Leahy et al., 2016, Hradsky et al., 2017). Integrated and ongoing programs that focus on all major koala threats, including predator control, disease, habitat loss, and fire management, may help to reduce the indirect impacts of fire on koala numbers (Beyer et al., 2018) and give better outcomes than separate efforts. For example, Lunney et al. (2007) showed that reducing mortality rates from both fire and predation by dogs had better predicted outcomes for population viability than either strategy alone. 
[bookmark: _Toc112422969]Koala rescue and rehabilitation· Human rescuers save a small proportion of the impacted population
· Rehabilitation can be successful at the level of individual animals
· Rehabilitated koalas can be successfully released into burnt habitat

The number of koalas rescued after fire has been estimated to be less than 1% of the affected population within a region (Dunstan et al., 2021). Of the koalas rescued on Kangaroo Island after the Black Summer fires, relatively few had high severity burns, possibly because they were more likely to perish before rescue, or because the majority of rescue efforts took place in lower fire severity areas that are accessible to rescue teams (Dunstan et al., 2021). At a population scale, it is not clear whether rescue efforts significantly improve the outcomes for local koalas. Furthermore, rescue efforts can be costly, labour intensive and time consuming, but these factors are currently poorly documented (R. Ploeg personal communication; C. Moore personal communication). There is also little information about the length of time over which rescue operations should be conducted. Preliminary observations suggest that, after severe fire, injured animals are encountered for at least 6-8 weeks (C. Moore personal communication; Dunstan et al. 2021). Despite the limitations and unknowns, the smaller the remaining population following fire, the larger the likely impact of successful rehabilitation on population recovery (Lunney et al., 2022a).
Work is currently underway to characterise clinical features of rescued fire-affected koalas for use as prognostic indicators of outcomes (R. Ploeg personal communication; C. Moore personal communication; Dunstan et al. 2021). This would allow the development of more objective guidelines that facilitate early decisions about the likelihood of recovery of individuals, which would in turn allow resources to be appropriately prioritised. However, at the individual animal level, rescue efforts have been reported to be reasonably successful. For example, about 50% of the koalas rescued from the 2019-2020 bushfires were later released (Figure 5) (Lunney et al., 2022a, Dunstan et al., 2021). 
It is not always possible to collect reliable information on the movements and survival of rehabilitated koalas after release without access to radio- or GPS-tracking equipment, especially because koalas can be difficult to observe in dense epicormic regrowth (C. Moore personal communication). However, post-release data on rehabilitated koalas, while limited, indicates that rates of survival and reproduction are similar to koalas who never came into care (Matthews et al., 2016, M. Lane and K. Marsh unpublished data, Lunney et al., 2004, Lunney et al., 2022c). Thus, if rehabilitation is successful, these individuals can reintegrate into the wild population. Importantly, the data also demonstrates that, at least when epicormic regrowth is present, rehabilitated koalas can be released into burnt habitat and do not need to be translocated to unburnt areas to facilitate survival.
Currently, there are no criteria to guide decisions about when koalas should be rescued from fire-affected areas relative to when they should be left in situ. There may be situations in which it is more harmful to bring a stressed koala into captivity than to allow it to recover from minor burns on its own. In contrast, there may be other situations where an uninjured koala could die if left in the wild because it does not have access to sufficient food or water. More research is needed to guide rescue efforts, but the ethics around testing whether some burnt koalas are better left in the wild is complicated. Animal rescue organisations filled with passionate volunteers will attempt to rescue and rehabilitate animals regardless of whether their efforts are fruitful at the population level. Effort should be put towards guiding these organisations in the most useful direction from a solid evidence base.
[image: A rehabilitated koala in a tree, wearing a tracking device]
[bookmark: _Ref104805232][bookmark: _Ref104805214][bookmark: _Toc112423171]Figure 6. A rehabilitated koala being released. The koala is fitted with a GPS tracking collar to allow monitoring post-release. Photo by James Walsh.

[bookmark: _Toc112422970]Provision of water· Provision of water after fire has both benefits in terms of hydration, and risks in terms of predators and disease

A common post-fire intervention aimed at supporting remaining wildlife in situ is the provision of artificial watering stations (for example DPIE, 2021). Although koalas normally obtain most of their water requirements from the moisture in leaves, they will also use automatic refilling water stations in low rainfall landscapes, in particular following periods without rain and on hotter days (Mella et al., 2019). This type of intervention is sometimes also used following fire to supply koalas with supplementary water when trees are defoliated. While providing immediate positive impacts, there are also risks associated, which may be enhanced by aggregation of animals. Artificial watering stations used by koalas have been shown to be contaminated with Chlamydia pathogens, particularly in summer when use is also highest, making them a potential source of disease transmission (Kutiel and Naveh, 1987). Furthermore, they are also frequented by invasive predators such as foxes, which may foster their persistence and may increase rates of predation (Mella et al., 2018, Webb et al., 2022, Roshier et al., 2021). 
[bookmark: _Toc112422971]Tree removal or replanting· Salvage logging after fire can be detrimental to forest recovery and biodiversity
· Replanting can assist with maintaining eucalypt species diversity under some circumstances

Given the relatively quick resprouting of most eucalypt species from epicormic buds, and that fire does not necessarily render a landscape uninhabitable to koalas, in many landscapes the most appropriate management practice after fire may be hands off. Practices such as salvage logging can impede the recovery of a forest after fire and, where studied, it has a negative impact on biodiversity. Salvage logging has been shown to remove structural complexity such as large trees and tree hollows and this has a detrimental effect on recovery of biodiversity (Lindenmayer and Noss, 2006). It can also impede ecosystem processes such as hydrological regimes and soil erosion and soil nutrient cycling (Lindenmayer and Noss, 2006). Further, while Australian biotas are adapted to fire, the removal of large numbers of trees following fire compounds disturbance and can alter floral and faunal communities towards disturbance adapted species (Au et al., 2019, Lindenmayer and Noss, 2006), although there are exceptions (for example Penman et al., 2009).
Under some circumstances, areas that have been heavily impacted by fire, resulting in extensive loss of mature trees, may benefit from replanting to maintain tree species diversity. The seedlings of some disturbance adapted eucalypt species can outcompete others when left to regenerate without intervention. In extreme situations, usually after repeated disturbance, this can lead to dominance by a single eucalypt species, altering the long-term carrying capacity of habitat for koalas (Au et al., 2019). Replanting to increase or restore eucalypt species diversity may also improve the likelihood that koalas will be able to find adequate food after fire, given that epicormic leaves from some eucalypt species are of poor nutritional quality (K. Marsh and K. Youngentob unpublished data). The best way to undertake revegetation efforts to support koalas is a topic of ongoing research and is covered in more detail in Beale et al. (2022).
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	Term
	Definition

	Acoustic Array
	Sound receiving system with recorders arranged to passively capture certain directional characteristics. For example, used to listen for koala bellows in a particular area to determine presence or absence

	Adaptations
	Traits in an individual or population that have evolved through natural selection

	Ancillary habitat element
	Landscape elements such as commonly used shelter vegetation species and the ground that contribute to koala habitat when they co-occur with locally important koala trees

	BACI
	Before-after-control-impact study design that evaluates the impact of perturbations on an ecological system where treatment sites cannot be randomly chosen

	Biota
	The animal and plant life of a particular area

	Browse
	Leaves or foliage for consumption by an animal 

	Canopy scorch
	Burning of the highest levels of the tree

	Chlamydia
	Sexually transmitted disease of koalas found in many populations which causes infertility, blindness, and urogenital issues.

	Connectivity
	The connectedness of habitat patches, which is determined by whether a koala is able to move from one habitat patch to another without a barrier.

	Cryptic
	Relatively difficult to discern or see. Hidden.

	Defoliation
	Complete removal of the foliage

	Digestible Nitrogen
	An integrated measure of foliar nutritional quality that considers the influence of tannin-binding on the amount of nitrogen available for digestion by some herbivores.

	Disturbance
	An event or force that results in a change in the structure of an ecosystem, a loss or organisms, or altered distributions of organisms. For example fire, flood, logging 

	DPIE
	Department of Planning, Industry and Environment (NSW) 

	Epicormic Regrowth
	Juvenile leaves growing from a previously dormant bud on the trunk or branches of a tree

	Fire Regime
	The frequency, severity, and pattern of fires that prevail in an area over a long period of time

	Fitness
	Contribution of an individual to the gene pool of the next generation. Reproductive success.

	Foliage
	The leaves on a tree or shrub 

	Foliar Chemistry
	Chemical composition of leaves in terms of PSMs and nutrients

	FPC
	Formylated phloroglucinol compounds

	Formylated Phloroglucinol Compounds (FPCs)
	A specific group of plant secondary metabolites found in some Eucalyptus species from the Symphyomyrtus subgenus known to influence the nutritional quality of browse and feeding by the koala

	Fragmentation
	The subdivision of a large area of habitat into multiple smaller areas of habitat

	Genetic Fingerprint
	A set of characteristics in the DNA that are unique to an individual and can be used to identify that individual from a sample

	Habitat
	the natural home or environment in which a species lives, and which contains the resources, physical and biotic factors that support the survival and reproduction of that species

	Habitat Loss
	Loss of suitable conditions required for a species to be present in a landscape.

	High Severity Fire
	Very hot fire that results in scorch of the canopy

	Home Range
	The area occupied by an individual animal

	In situ
	Situated in the original place

	Invasive
	Introduced, not native

	Koala Habitat
	The biophysical environment required by a koala to survive and reproduce.

	KMB
	Koala Management Bioregion 

	Koala Management Bioregion (KMB)
	A management unit designated for the purpose of this document, consisting of delineated land areas within New South Wales and Queensland derived from Koala Modelling Regions and Queensland Bioregions in New South Wales (NSW) and Queensland (QLD), respectively

	KoRV
	Koala Retrovirus

	LIKT
	Locally Important Koala Trees

	Locally Important Koala Trees (LIKT)
	Trees from species that are regularly browsed by koalas in a particular KMB, such that it could be considered a substantial portion of the koalas’ diet. Where data from feeding observations or nutritional quality is lacking, then the tree species must be associated with medium or high use by koalas from observations of animals in a tree or scat associations with trees in published literature or from direct feedback from local koala researchers and/or koala carers in the region. See section 3.2 for a more detailed definition

	Metapopulation
	The set of biological populations within a larger area, where movement or gene flow from one biological population to at least some other patches is possible, even if irregular.

	Monocalypt
	Common name for eucalypt species from the Eucalyptus (formerly Monocalyptus) subgenus. This is the second largest eucalypt subgenus. Many trees from this subgenus produce a group of plant secondary metabolites called unsubstituted B-ring flavanones (UBFs), which are known to deter feeding by the koala if present in sufficient quantities

	Nutritional Quality
	A value judgement of the food for the consumer of the food based on the totally composition of the food in terms of nutrients and non-nutrients including PSMs

	Palatability
	How much leaf an animal will eat (that is total intake of browse)

	Physiology
	The normal internal functioning of an organism or part of an organism

	Plant Secondary Metabolites (PSMs)
	Chemical compounds produced by a plant through metabolic pathways, which are not used for primary processes (that is growth and reproduction)

	Population
	A set of individuals that live in the same habitat patch and interact with one another, commonly forming a breeding unit within which the exchange of genetic material is more or less unrestricted. (synonyms: local population, subpopulation)

	Population Density
	Number of animals in a given area

	Prescribed Burn
	A prescribed burn, also known as a controlled burn or a hazard reduction burn, is a fire intentionally created for the purposes of land management

	Prognostic Indicator
	A characteristic used to estimate the likelihood of recovery from a disease or condition

	PSM
	Plant secondary metabolite

	Refugia
	A habitat that provides spatial and/or temporal protection from one or more threats

	Rehabilitation
	Koalas taken from the natural environment into a care setting to be treated for injury or disease with the goal of rereleasing once healthy

	Revegetation
	Replanting vegetation

	Specialist Folivore
	An animal whose diet is restricted and made up only of leaves

	Species
	Following the EPBC Act (s528), a species is a group of biological entities that (a) interbreed to produce fertile offspring; or (b) possess common characteristics derived from a common gene pool; and includes (c) a sub-species

	Spot Assessment
	A common method for estimating koala abundance by searching for scats at a tree for a period of time

	Symphyomyrtle
	The common name for eucalypt species from the Symphyomyrtus subgenus. This is the largest eucalypt subgenus. Many trees from this subgenus make a group of plant secondary metabolites called formylated phloroglucinol compounds (FPCs), which are known to deter feeding by the koala if present in sufficient quantities

	Surveys
	Observation by a variety of methods of the presence, absence or numbers of an organism in a given area at a given time

	Tannin
	A common class of plant secondary metabolites found in many plants that can bind to foliar protein and make it unavailable for digestion

	UBF
	Unsubstituted B-ring flavanones

	Unsubstituted B-ring Flavanones (UBFs)
	A specific group of plant secondary metabolites found in some Eucalyptus species from the Eucalyptus (formerly Monocalyptus) subgenus and known to influence the nutritional quality of browse and feeding by the koala
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2019/2020 bushfire severity in SE Australia
overlaying indicative distribution for Phascolarctos cinereus (koala)
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