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1. Introduction

Fire is essential for the maintenance of biodiversity across ecosystems globally (Bowman et al., 2009). Fire-adapted animal
and plant species can thrive in nutrient-rich ash postfire (Bradstock et al., 2008) and some are dependent on fire for new
generations (Krawchulk et al., 2009). Despite the vital role of fires, extensive high-intensity fires can have negative impacts on
ecosystem health by reducing biodiversity (Pastro et al., 2011; Berry et al., 2015; Lindenmayer et al., 2014) and causing declines
in wildlife populations (Lawes et al., 2015; Leahy et al., 2016). Uncontrolled fires can also harm human health (Liu et al., 2015)
and damage property (Blanchi et al., 2010). The negative impacts of fire on ecosystems can be long-lasting (Bowd et al., 2018)
and new fire regimes can delay or prevent the recovery of ecosystems altogether (Gill et al., 2013). Climate change-induced heat
and drought have extended the length of fire seasons and augmented burnable areas across the globe (Jolly et al., 2015).
Increases in the size and frequency of large fires have been documented across North America (Westerling et al., 2006; Barbero
etal, 2015; Gillett et al., 2004). It is increasingly important to understand the impact of these emerging fire regimes that reduce
the resiliency of affected ecosystems and the biodiversity they support to better manage them presently and mitigate future
negative outcomes.

Australia is particularly vulnerable to climate-driven changes in fire regimes. While fire occurrence is a product of complex
management practices, local conditions, history, and chance (Pausas and Keeley, 2009; Oliveras and Bell, 2008; Gill, 2008),
Australian wildfires, often called bushfires, are tightly linked with local weather conditions and climate oscillations (Camac
et al.,, 2017; Cai et al., 2009). Fire intensity (thermal energy release) and severity (loss in organic matter) (Keeley, 2009) are
important characteristics that determine a fire’s impact on organisms and their ecosystems. Many forested ecosystems found
across Australia, namely eucalypts (tribe Eucalypteae within Myrtaceae), are adapted to current fire regimes and most species
can either reseed or resprout quickly from lignotubers or epicormic tissue post-fire, including high-severity fires (Bennett et al.,
2016; Clarke et al., 2015; Collins, 2020). However, frequent high-severity fires can lead to demographic shifts in eucalypts
(Collins, 2020), prevent recovery of forests, and promote domination of alternative ecosystems (Fairman et al., 2016; Bowman
et al.,, 2014). High-intensity fires can lead to increased losses of biomass, damage epicormic tissue growth beyond immediate
recovery, and have long-term impacts on the landscape (Denham et al., 2016; Bennett et al.,, 2016). Both the frequency and
extent of bushfires are predicted to increase with climate change (Fasullo et al., 2018), raising questions of whether forested
ecosystems will be able to persist and support endemic wildlife in shifting fire regimes. In 2019, local weather and climate
conditions in eastern Australia gave rise to an unusually dry spring combined with an accumulation of fuels (Nolan et al., 2020;
Lindenmayer et al., 2020). This created favorable conditions for the subsequent anomalous bushfires, which burned an unu-
sually high extent within forested ecosystems (Boer et al., 2020), and dominated international headlines for months.

The location and extent of the 2019-2020 bushfires impacted habitat of many vulnerable and threatened species (Ward
et al., 2020; Department of Planning Industry and Environment, 2020) and may have increased extinction risk for some endemic
species (Lam et al., 2020). Although fires can increase resources for some species in the short-term (Bradstock et al., 2008),
surviving animal populations can also decline because of higher predation risk and loss of resources (Lawes et al., 2015; Leahy
et al., 2016). Higher mortality combined with lower reproduction can also lead to delayed populations declines (Sutherland and
Dickman, 1999; Lawes et al., 2015). Declines in biodiversity of small mammals and birds are more pronounced after more severe
(Chia et al., 2016; Friend, 1993; Lindenmayer et al., 2014) and larger bushfires (Berry et al., 2015; Pastro et al., 2011; Lawes et al.,
2015). The scale and intensity of 2019-2020 fires were a consequence of climate change (Van Oldenborgh et al., 2020), sug-
gesting that conservation activities will need to incorporate the impacts of climate-induced fires into future planning. The
responses of vulnerable and endangered populations are particularly critical to understand, especially for preserving biodi-
versity and maintaining ecosystem health with changing fire regimes.

Bat species are important bioindicators of environmental stressors (Jones et al., 2009; Fidelino et al., 2020). Understanding
the response of bats to this anomalous bushfire can provide insight into its impacts on the ecosystem. Radio-tracking of in-
sectivorous bats during prescribed fires in North America showed movement away from smoke, suggesting a behavioral re-
sponse to ignition and low direct mortality (Dickinson et al., 2009). Research on bat responses to fires has primarily used
acoustic surveys to measure activity and occupancy of insectivorous bats in the months and years following fires in North
America and Australia. These studies have shown an increase in activity in burned areas immediately following fires and
extending to several years post-burn, likely driven by changes in vegetation structure that reduces clutter (Buchalski et al., 2013;
Burns et al., 2019), increases in prey (Doty et al., 2016; Law et al., 2019), and increased availability of roosting sites (Lacki et al.,
2009; Perry, 2011). However, responses to fires depend on the specific ecology of each bat species (Blakey et al., 2019; Steel
et al.,, 2019), timing of fire during the reproductive cycle (Buchalski et al., 2013), and severity of the fire (Buchalski et al., 2013;
Burns et al., 2019; Steel et al., 2019).

The gray-headed flying fox (Pteropus poliocephalus) lives throughout southeastern Australia and is one of four Pteropus
species on the continent. Habitat loss and human disturbances led to an estimated 30% population decline from 1989 to 2001
and lead to the species being listed as ‘Vulnerable’ (Mcilwee and Martin, 2002; Tidemann and Nelson, 2011; Dickman and
Fleming, 2002; Threatened Species Scientific Committee, 2001). More recent reports show the population has been fairly stable
over the last 20 years, although differences in counting methods over time have impacted the accuracy of this estimate
(Westcott et al., 2015). Gray-headed flying foxes consume native fruits and nectar, and likely play an important role in vege-
tation recovery through pollination and seed dispersal (Eby, 1991a, 1995, 1998; Hall and Richards, 2000; Mcconkey and Drake,
2006; Roberts et al., 2012). While their typical foraging range from large communal roost sites is 20-30 km, they can travel
hundreds of kilometers during seasonal movements (Roberts et al., 2012; Welbergen et al., 2020). However, the evidence for
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conservation implications of bushfires on Pteropus poliocephalus populations, or any nectar- and fruit-dependent flying fox
species, is not known. Old World fruit bats (Pteropodidae) rely less on echolocation, so they would not be as affected by changes
in habitat structure postfire, which is observed in echolocating insectivorous bats. We expect changes in fruit and nectar
resources following fire will impact foraging activity and roost occupancy. The majority of gray-headed flying fox resources
resprout post-fire (Table B.1), but the nectar resources provided by these species will depend on fire intensity and severity. Low
intensity burns have been documented to result in bud loss and delay flowering 1 year and high intensity fires can delay
flowering for a few species up to 3 years (Law et al., 2000), but more research is needed on species specific responses to fire
severity. To our knowledge, the only study conducted on fire responses in Old World fruit bats observed the sensitivity of
Madagascan flying fox (Pteropus rufus) roosts to fire disturbances (Jenkins et al., 2007). Our study presents a novel evaluation of
the response of an Australian flying fox species to fire, with implications for management and conservation of these important
pollinators and seed disperses (Eby, 1991a).

We integrate remotely sensed thermal data and longitudinal roost monitoring data to better understand the impact of fires
on gray-headed flying fox populations and develop a pipeline for rapidly mapping priority areas for monitoring and con-
servation. Specifically, we used thermal satellite data to quantify the extent and distribution of fires in the recent anomalous fire
season (2019-2020). We compared fire distribution, forested areas affected, and extent from 2012 to 2020 to investigate how
this anomalous fire season compared to previous years. We then focused on fire extent within the gray-headed flying fox
habitat range and quantified fire severity for the subset of foraging habitat in New South Wales where fire severity has been
systematically assessed in 2019-2020. We hypothesized that roost occupancy would decrease with greater extents of burned
surrounding habitats. We tested this for the 2012-2013 fire season using longitudinal roost survey data in Queensland. We use
responses to this previous fire to identify the roosts that are most likely to be impacted by the 2019-2020 anomalous bushfire
season and highlight these roosts and surrounding habitat for critical conservation prioritization.

2. Materials and methods

This study focuses on the eastern Australian states of Queensland, New South Wales, Australian Capital Territory, and
Victoria (Fig. 2a) that encompass the range of gray-headed flying foxes. This region of Australia has the nation’s highest human
population density, high biodiversity and the largest tracts of remaining forest habitats (Williams et al., 2011).

2.1. Acquisition and processing of spatial fire and forest data

We retrieved fire incidence data from NASA’s Fire Information for Resource Management System (FIRMS) Visible Infrared
Imaging Radiometer Suite (VIIRS) Active Fire and Thermal Anomalies for September 1 to March 1 of each fire season from 2012
to 2020 (LANCE FIRMS, 2020). Raw VIIRS data has been validated for long-lasting fires (Oliva and Schroeder, 2015) and has
higher spatial and temporal resolution than other remotely sensed products. VIIRS data has low false positive active fire cases
(Schroeder et al., 2014) and high concordance with LANDSAT imagery (Oliva and Schroeder, 2015).

We converted VIIRS thermal anomaly points to a raster to cartographically generalize burned area. To account for the wide
range in scan and track pixel size of these data (320-800 m) we created 440 m and 1120 m rasters of fire extent which represent
the hypotenuses of the highest and lowest resolution pixels, respectively. We present data on burned area at the highest
resolution in the main text and the lowest spatial resolution in the SI. We also created a modified raster of the 440 m gen-
eralized burned area that incorporated small forested gaps in the thermal anomaly data created by drift from the satellite
passage. We calculate burned area in each year from 2012 to 2019 to summarize key fire metrics including: total burned area,
number of individual fires (as number of unconnected polygons), proportion of area burned by ‘moderately sized’ fires
(> 100 ha), and proportion of area burned by ‘mega’-fires (> 10,000 ha, as defined in Adams (2013)). Here we define ‘in-
dividual’ fires as fires that were spatially separated by unburned areas, we do not assume they were independent ignition
events.

We evaluated the ability of the VIIRS data to accurately assess fire extent by comparing our near-real time burned area
assessments to the Australian Government’s National Indicative Aggregated Fire Extent Dataset, a product first released in
February 2020 and updated monthly until June 2020 (Commonwealth of Australia, 2020). We evaluated discrepancies between
the two datasets of fire extent using Normalized Difference Vegetation Index (NDVI) values in March 2020 derived from
Sentinel-2 imagery (GMES-GSEG-EOPG-TN-09-0029, 2012; Planet Team, 2020). We used the National Vegetation Information
System (NVIS) to identify the forest types and compared efficacy of each method to differentiate burned and unburned ve-
getation in these discrepancy areas.

To quantify fire impacts on forests, we used a global dataset of 30 m resolution tree canopy cover estimates derived from
LANDSAT imagery in the Global Forest Change dataset v1.6 (Hansen et al., 2013). We define forested areas as tree cover of 20% or
more in a pixel (Montreal Process Implementation Group for Australia and National Forest Inventory Steering Committee, 2018)
and the product only includes trees taller than 5 m. We resampled forested areas to 440 m resolution using maximum com-
bined area selection, again using a 20% tree cover threshold to distinguish forest and non-forest pixels, and assessed fire extent
in forests. We tracked the size and abundance of forest fragments because fragmentation of forests affects plant mortality and
growth, often in a localized area and over the short-term (Laurance et al., 2018; King et al., 2018), and has the potential to affect
flying fox resources.
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2.2. Temporal and spatial extent of gray-headed flying fox habitat

Spatial data on gray-headed flying fox habitat (State Government of NSW and Department of Planning Industry and
Environment, 2008) is based on a comprehensive survey of diet species, which includes both blossom and fruit resources across
a variety of ecosystems (Eby and Law, 2008). Because this spatial data was created in 2008, we incorporated more recent forest
loss using spatial and temporal forest cover data (described above; Fig. A.9). Incorporating forest loss allowed us to estimate
habitat loss for gray-headed flying foxes and provide temporal estimates of resource availability for specific roosts. This re-
motely sensed forest data doesn’t include any new forest growth from 2013 to 2018 (Hansen et al., 2013) and likely over-
estimates net forest loss. However, this is unlikely to omit important resources for gray-headed flying foxes; eucalypts can take
several decades to mature after planting (Cremer et al., 1978), and young trees are likely to be immature or produce less nectar
than mature stands (Law and Chidel, 2009, 2008; Wilson and Bennett, 1999). Spatial habitat data is specific to native vegetation
and doesn’t include resources in cleared or urban environments, which some populations of gray-headed flying foxes may rely
on (Parry-Jones and Augee, 1991; Williams et al., 2006).

We refer to roost-adjacent resources as foraging resources throughout the paper to reflect the immediately available re-
sources for a particular roost. We defined total foraging habitat as all native habitat within a 50 km radius of a known flying fox
roost (details below) (Eby, 1991b; Tidemann et al., 1999). We defined winter foraging habitat as areas that contain at least one of
five species (Eucalyptus robusta, E. tereticornis, E. siderophloia, Melaleuca quinquenervia, and Banksia integrifolia) within a 50 km
radius of a known roost. While there are 13 gray-headed flying fox diet species that can flower during winter, the selected five
species represent the most annually reliable and productive species during critical resource bottlenecks in winter months (Eby
and Law, 2008).

2.3. Gray-headed flying fox roost-level responses to fire

To examine how wildfires may impact gray-headed flying fox populations, we used longitudinal monitoring data of flying
fox (Pteropus species) roost sites in the states of Queensland and New South Wales. Roost counts are conducted approximately
quarterly. Location and occupancy data (count estimates in Queensland and presence/absence in New South Wales) are publicly
available through the National Flying Fox Monitoring Program (Westcott et al., 2011; Flying Fox Monitoring Program, 2020;
National Flying Fox Monitoring Program, 2020).

To explore evidence of fire impacts, we focused on modeling occupancy of gray-headed flying foxes (presence/absence of at
least one animal) at roosts over time. Four seasons preceding and following the 2012-2013 wildfire season (from September
2011 to March 2014) were included to account for known seasonal variation in occupation (Vardon et al., 2001) in addition to
fire impacts (Fig. A.2). Observations recorded during the fire season (September 2012-March 2013) were excluded. The dataset
was truncated to only include roosts that had a minimum of four observations in pre- and post- fire periods, resulting in 146
roosts in Queensland. Continuously occupied roosts (n = 11) and completely unoccupied roosts (n = 29) were further excluded.
Only satellite roosts, defined as roosts that had both presence and absence of gray-headed flying foxes in the observation period,
were used for this analysis (dataset FF1, Table 1). We focused on satellite roosts because these are most likely to have responses
to disturbances and reflect the natural nomadic behavior of gray-headed flying foxes (Welbergen et al., 2020).

Presence and absence of gray-headed flying foxes (7) at satellite roosts were fit with logistic mixed effects models, with i
indicating temporal observations and roost identities (j) included as random effects (¢):

logit{mj} = By + ByXoj + B3Xsij + §;

Univariate and multivariate regressions were evaluated with several predictor variables (x;), including: presence of another
flying fox species, area of total foraging habitat, area of winter foraging habitat, distance to closest burned area, proportion of
foraging habitat burned, proportion of winter foraging habitat burned, latitude, and season (Tables A.1, A.8). Total foraging and
winter foraging habitat were quantified as the sum of hectares that contained diet species within a 50 km radius to incorporate
the maximum foraging distance (Eby, 1991b; Tidemann et al., 1999). Logistic mixed effects models were created using glmmTMB,
residual diagnostics were carried out with DHARMa, and model selection was done with AIC, all in R version 3.6.1 (R Core Team,
2019; Brooks et al., 2017; Bolker et al., 2009; Hartig, 2020).

2.4. Quantification of burned gray-headed flying fox foraging habitat

To quantify relevant foraging habitats impacted by each fire season, we first identified all roosts that were occupied at any
point in the 5 years preceding the fires for both the 2012-2013 (dataset FF2) and 2019-2020 (dataset FF3) fire seasons (Table 1).
We used the locations of these roosts to quantify total foraging habitat and winter foraging habitat. A generalized additive
model with a beta distribution and logit link function was used to summarize the proportion of burned winter foraging habitat
by latitude and year for occupied roosts. Models were created and evaluated in R version 3.6.1 with the package mgcv (Wood,
2011). While fire severity estimates were not available for the past fire seasons or all of eastern Australia, New South Wales
mapped fire severity for the 2019-2020 fire season (New South Wales Department of Planning Industry and Environment,
2020). We examined the distribution of fire severity across the gray-headed flying fox habitat range to better understand the
impact of these fires on the animals. We clipped the fire severity map to within the adjusted 2018 gray-headed flying fox habitat

4



Global Ecology and Conservation 27 (2021) e01566

K. Baranowski, C.L. Faust, P. Eby et al.

(eare pauing Surpnpur)

020Z-6107 10j uonedynuenb PUB[SUIND)
1e31qey SuiSelo) [9A9]-1S00Y  PUE SI[BAA YINOS MIN yze 15001 e sax0j Sulkp Jo dUsAld  610Z/60-S10Z/60 €dd
(eare pauing Suipnpur)
€10Z-7107 1oj uonedynuenb pUB[SUIND)
1e3Iqey SulSelo) [9AJ]-1S00Y  PUE SI[BAA YINOS MAN 8hT 35001 Je sax0j SulAp Jo dUsAYd  Z10Z/60-L002/60 zdd
(aouasqe (pardnadoun 10 pardnado
[9suasaid st 9[qeLIeA awo0dIN0) A[snonunuod jou) 15001 AI[[IeS
[9powW UOoIssaIgal J1ISISO[ Pazi[eI1auan Ajuo puejsuaanQ 90L ® Je SUOIJPAISS]O § JO WNWIUI  (UOSeds 31y £10Z/€0-210Z/60 SUIpnidXd) ¥10Z/€0-1102/60 144
BLIDILID

sisA[eue weansumoq

JuIX3 d1yderdoan

uorsnpur Sunsaw
$3S001 JO IaqUINN

uolsn[dUl 10j BLIAII)

19se3R( XOJ
pouad awi]  SulAy jo aweN

's9x0j SulA}y uo syedur a1y Suissasse 10J s3aseie(
L aIqeL



K. Baranowski, C.L. Faust, P. Eby et al. Global Ecology and Conservation 27 (2021) e01566

spatial layer and quantified the distribution of habitat within each of four severity classes, ranging from low severity (burnt
surface with unburnt canopy) to extreme severity (full canopy consumption). We also assessed fire severity in foraging rain-
forest habitats to consider impacts of fire on important fire refugia.

3. Results

We first map the extent of fire across the eastern states of Australia to demonstrate differences in scale and distribution
between years (Section 3.1). Based on these results, we identified a prior fire season (2012-2013) that had a similar total burned
area to the recent 2019-2020 season. The 2012-2013 fire season, hereafter known as the previous focal fire season, was used for
comparison to the recent 2019-2020 fire season, hereafter referred to as the anomalous fire season. Specifically, we used gray-
headed flying fox roost occupancy in the years surrounding the previous fire season to identify impacts of fire on gray-headed
flying foxes (Section 3.2). We compared the extent of fires within total and winter foraging habitats between the previous focal
and anomalous fire seasons (Section 3.3), and present preliminary evaluations of fire severity in gray-headed flying fox foraging
habitats in New South Wales for the anomalous fire season.

3.1. Fire extent between years

Between 2012 and 2020 in the eastern states of Australia, the total burned area of each annual fire season from September to
March from near-real time VIIRS data ranged from 2.40 million hectares (Mha) in 2015-2016 to 8.48 Mha in 2012-2013 (Fig. 1a;
Table A.2). The area burned in the 2012-2013 fire season was most similar to the 2019-2020 fire season (5% less than
2012-2013) and affected more than twice the area burned in most of the intervening years. We assessed the similarities and
differences in the distribution, extent, and impact of these two fire seasons.

During the previous focal fire season, individual bushfires burned much smaller areas and were more numerous than in the
anomalous fire season. There were 67,722 individual fires that burned 8.48 Mha (Fig. 1a) mostly in savannahs and open
woodlands with low levels of canopy cover (< 20% canopy cover, Fig. 2b). In contrast, the anomalous fire season burned
8.03Mha but consisted of only 29,148 individual fires, many burning areas that were an order of magnitude larger than the
previous focal fire season (Fig. 1). The majority (62.5%) of the burned area in the anomalous fire season was concentrated in 67
mega-fires (Figs. 1, 2c). The burned area calculations presented here reflect data collection at a spatial resolution of 440 m,
calculations using coarser resolutions to account for variation in the size of scan pixels lead to much larger estimates of burned
areas but show a similar distribution of fire sizes (Tables A.2, A.3, Figs. A.3-A.5).

The impact of fires on forested areas was drastically different between the previous focal fire season and the anomalous fire
season. In the previous focal fire season, the vast majority of total burned area was in non-forested areas, whereas in the
anomalous fire season, the majority of total burned area occurred in forested areas (Fig. 2d). Even though 1.1 Mha of forest was
cleared in eastern Australia between 2012 and 2018 (Fig. A.9), the area of forest burned was still substantially greater in the
anomalous fire season. The mega-fires that accounted for the majority of the burned area occurred primarily in large, con-
tiguous forests in New South Wales (Fig. 2c). Fires burned entire forest patches of all sizes, as demonstrated by the reduction in
total number of forest patches (Fig. A.10). Fires also effectively fragmented large contiguous forests (> 1,000,000 ha) and left
behind moderately sized forest fragments (> 1,000 ha) (Fig. 2e).
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Fig. 1. Total burned area and distribution of fire sizes from 2012 to 2020. (a) Total burned area in eastern Australia between September and March for years from
2012 to 2020. (b) Cumulative burned area by sizes of individual fires for previous focal and anomalous fire seasons. The distribution of fire sizes showed much
larger fires in the 2019-2020 anomalous fire season compared to the previous focal fire season of 2012-2013. In anomalous fire season, the majority of burned
area (63.4%) was within mega-fires (> 10,000 ha) as denoted by the shaded area.
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Fig. 2. Extent of forest cover and burned areas in eastern Australia in focal fire seasons (2012-2013 & 2019-2020). (a) The eastern region of Australia, the states
of Queensland (QLD), New South Wales (NSW), Australian Capital Territory (within NSW), and Victoria (VIC). Fire extent (red) in the previous focal fire season
(b, 2012-2013) and the anomalous fire season (c, 2019-2020) overlaid on forest cover (> 20% canopy cover per pixel shaded in gray) from the respective years.
(d) Burned area in forested and non-forested areas in the anomalous and previous focal season. (e) In the anomalous fire season, fire reduced the area of the
largest patches of forest, resulting in an increase in the number of moderately sized forest fragments in the short term. (For interpretation of the references to
color in this figure legend, the reader is referred to the web version of this article.)

3.2. Occupancy of gray-headed flying foxes at roosts and evidence of response to fires in previous focal year (2012-2013)

Based on 1706 observations at 106 satellite roosts, the model that best explained the presence of gray-headed flying foxes
included: total unburned area of winter foraging habitat, meteorological season, co-occupation of black flying foxes, and an
annual effect (year pre- vs. year post-fire). The best fit logistic regression did not include direct fire metrics (i.e. distance from
roost to burned area, total area burned in foraging radius, and foraging habitat burned).

We found that satellite roosts with a greater amount of unburned winter habitat were more likely to be occupied by gray-
headed flying foxes at any time of the year (adjusted odds ratio (aOR): 9.89, 95% confidence interval (CI): 1.43, 67.95).
Additionally, gray-headed flying foxes were more likely to be observed at roosts during winter (aOR: 1.64, 95% CI: 1.14, 2.37) and
spring (aOR: 2.38, 95% CI: 1.62, 3.50) compared with autumn (summer was not significantly different). The presence of gray-
headed flying foxes at a roost was also significantly associated with occupancy of black flying foxes (aOR: 70.15, 95% CI: 41.90,
117.0). Finally, gray-headed flying foxes were more likely observed at these roosts in the year following the focal fires compared
to the year before (aOR: 1.46, 95% CI: 1.11,1.93).

3.3. Impacts of focal fire seasons on gray-headed flying fox habitat

We found that fire extent mapped with the remotely sensed thermal data provided more accurate identification of burned
gray-headed flying fox habitat over most of their habitat range in the anomalous fire season when compared to the National
Indicative Aggregated Fire Extent Dataset (Fig. A.7). This government vector data, used in comparable studies (Ward et al., 2020;
Boer et al., 2020), lacks national standardization, is less frequently updated, and is intentionally precautionary on the sized of
burned areas (Department of Agriculture Water and the Environment, 2020). We find this government product overestimated
fire extent in high crown cover and taller stand eucalypt forests (trees> 10 m and particularly relevant for flying fox habitat).
Conversely, the government product more accurately identified fire extent in areas with lower crown cover and vegetation less
than 10 m (Fig. A.7) at the southern extent of the flying fox range than did the VIIRS data. Therefore, the VIIRS thermal data
would not be ideal to map fire extent in near-real time for all species’ habitats, but more accurately and rapidly assessed burned
area in most gray-headed flying fox habitats.
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The anomalous fire season burned substantially more gray-headed flying fox habitat across southeastern Queensland and
New South Wales when compared to the previous focal fire season (Table 2, Fig. 3, Fig. A.12). The greatest amount of foraging
habitat burned at a single roost in the anomalous fire seasons was similar to the total habitat burned across the entire range
from the previous focal fire season (Table 2). During the anomalous fire season, 77 of 324 roosts had greater than 20% of their
total foraging habitat burned, whereas not a single roost experienced that magnitude of burned foraging habitat during the
previous focal fire season. Winter habitat was also greatly impacted in the anomalous fire season (Fig. 3i). At each roost, the
percentage of winter foraging habitat burned was highly correlated with the percentage of total habitat burned, but winter
habitat covers a much smaller spatial extent throughout the region (Fig. 3c-h), making the scale of these declines particularly
important.

A greater proportion of the five critical winter diet species burned in the anomalous fire season (single species maximum:
35.5%, median: 25.4%) compared to the previous focal fire season (single species maximum: 6.1%, median: 4.8%) (Fig. A.13). Even
Melaleuca quinquenervia, a winter resource that is found in fire refugia (swamps, floodplains, and riparian zones), experienced
burning across 13.8% of its distribution in the anomalous fire season, compared to 4.1% in the previous focal fire season
(Fig. A13).

In New South Wales, where fire severity has been systematically assessed for the anomalous fire season, larger areas of
winter foraging habitat were burned by high/extreme severity fires than low/moderate severity fires (Table A.6). We find that of
the winter foraging habitat that burned, 35.2% burned in low and moderate severity fires that mostly impacted understory
vegetation with minimal scorch of the canopy, compared to the 41.7% of winter foraging habitat burned that was in high or
extreme severity fires resulting in full canopy scorch and partial or full canopy consumption. Similar proportions of the total
foraging areas burned were burned by low or moderate severity fires (36.7%) and high or extremely severe fires (41.0%) during
the anomalous season. Rainforests within the foraging range of occupied roosts were also extensively burnt by the anomalous
fires season (Table A.7). However, the rainforest habitats that burned were mostly within low/moderate severity fires (36.4%)
rather than high/extreme severity fires (19.5%).

(a)

-Grey-headed flying fox
Foraging Habitat

-30

latitude

Grey-headed flying fox
Habitat

fire season
=== previous
anomalous

Burned
Winter Habitat

Unburned
Winter Habitat

Gaite oy oaie -37

. . 00 01 02 03 04 05 06
proportion winter habitat burned

Fig. 3. Extent of 2019-2020 anomalous fire season in flying fox habitats (a) Area of interest, gray-headed flying fox habitat in Queensland and New South Wales
is indicated on the map of Australia. (b) Burned flying fox habitat within foraging radii indicated in dark red for roosts that were recently occupied in
2019-2020. Light red indicates burned habitat outside the 50 km foraging range of roosts. Areas of interest in boxes are shown in winter habitat in panels c-h.
Panels (show roosts in black points and all available winter habitat outside (c-e) and inside (f-h) roost foraging radii. Light gray highlights total foraging habitat,
red indicates burned winter habitat, and blue indicates unburned winter habitat. (i) The proportion of burned winter habitat within foraging radii for each roost
is shown in individual points and a GAM fit to year and latitude explains 48.1% of the variation in the proportion of winter habitat burned. Smoothing terms for
latitude for each year were significant (2012: 5.931, p < 0.001; 2019: 8.505, p < 0.001). The proportion of winter habitat burned was overall significantly higher
in 2019 compared to 2012 (est: 0.398, p < 0.001). (For interpretation of the references to color in this figure legend, the reader is referred to the web version of
this article.)
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4. Discussion

The anomalous 2019-2020 bushfires were extensive in their size, impact on forest ecosystems, and reduction of resources
within gray-headed flying fox habitats in eastern Australia. Our analyses highlight the impacts of these fires on the already
threatened gray-headed flying foxes, including drastic reductions in immediately available foraging resources, particularly key
winter resources. We demonstrate that VIIRS remotely sensed data is accurate for mapping fire extent in most gray-headed
flying fox habitats and provides a rapid measurement for monitoring and conservation planning. Monitoring gray-headed flying
fox population responses, quantifying the impacts of fire severity on key resources, and understanding the longer-term resi-
lience of vegetation to these extreme fires will be essential next steps for designing management and mitigation strategies in
the coming years as fire regimes shift with global climate change.

Our analysis identified 67 mega-fires across eastern Australia during the anomalous fire season, with the largest fire burning
almost 1.6 Mha. Mega-fires are associated with higher intensity burns, longer recovery periods, major alterations of canopy
structure, and greater direct and indirect mortality (Stephens et al., 2014). While wildlife can often persist or relocate in smaller
fires, larger fires are devastating in the short- and long-term for many species (Berry et al., 2015; Stephens et al., 2014). The high
number of mega-fires in 2019-2020 and the concentration of these fires in forested areas will have long-term consequences for
these ecosystems.

The anomalous sizes and locations of fires in 2019-2020 affected extensive areas of key forest habitat, supporting other work
done with government spatial products (Boer et al., 2020). Diet species of gray-headed flying foxes are adapted to current fire
regimes. The majority are facultative resprouters that resprout from epicormic buds or lignotubers quickly after experiencing
fire (Bennett et al,, 2016; Vivian et al., 2008) (Table B.1). Immediate regeneration occurs when fire intensity is low and the
epicormic tissue in the bark is not scorched (Gill, 1997; Denham et al., 2016), which is reflective of some areas in the anomalous
fire season. Assessments by New South Wales suggested many areas would have limited capacity to support wildlife im-
mediately following fires (State of New South Wales and Department of Planning Industry and Environment, 2020). Six months
following canopy scorch (high/extreme severity fires), rapid surveys found some regeneration but also noted tree mortality (Eco
Logical Australia, 2020). Furthermore, the extensive drought (Fig. A.8) and extreme heat conditions preceding the fires (Nolan
et al., 2020) may reduce or delay the full flowering potential of gray-headed flying fox diet species in the short-term (Law et al.,
2000). More research on how these resource species respond to fire and how responses vary with post-fire climate conditions
and fire severity is required.

We examined determinants of gray-headed flying foxes roost occupation in Queensland in the years surrounding the
previous focal fire season. Although we found higher rates of occupation in the year following the fire, we don’t believe this is a
response to fire as no direct fire metrics (amount of forest burned, distance to fires, time since fires) were predictive of this
increase in occupation. The increase in the year postfire could be a northward movement of gray-headed flying foxes into
Queensland tracking resources unrelated to the fires. The highly mobile nature of this species (Welbergen et al., 2020) makes
understanding local responses to fires particularly difficult. We were not able to measure immediate disturbance of roosts or
changes in foraging activity, which have been previously described as fire responses in some species of bats (see Section 1).
However, we were able to show that unburned winter habitat, rather than total foraging habitat, is a key predictor of occu-
pation, which highlights these specific resources as important indicators of roost suitability. This is supported by research
showing that winters associated with low volumes of resources lead to high adult mortality and low reproduction (Hall et al.,
1991). We also found black flying foxes were a useful predictor of occupation of roosts in Queensland. Black flying foxes and
gray-headed flying foxes have similar diets (Palmer, 1997), so correlation in occupation is expected for this region where their
ranges overlap. However, they are also competitors for these resources and we would expect the presence of black flying foxes
to decrease the abundance of gray-headed flying foxes at roosts, rather than affecting presence, though an explicit evaluation of
this hypothesis is outside the scope of the study.

We highlight the significantly larger amount of gray-headed flying foxes’ total and winter foraging habitats that burned
during the anomalous fire season compared to the previous focal fire season. Gray-headed flying foxes could theoretically
respond to large proportions of forage habitat burning by migrating to unaffected (or less affected) roosts. However, our analysis
of forest loss demonstrates that 264,695 ha of gray-headed flying fox habitat was lost between 2012 and 2018 due to defor-
estation (Table A.5). Roosts that were largely unaffected by fire are concentrated in Queensland and are surrounded by habitat
limited in extent due to historical forest loss and overlap with black flying foxes. There are alternative roosts in these areas that
are located urban environments and unaffected by bushfires, but these come with costs (Parry-Jones et al., 2016). Urban areas
contain a variety of mostly anthropogenic food resources that are more consistently available but have different nutritional
qualities than native resources. The predictability of these resources supports prolonged roost occupation near humans (Paez
et al,, 2017) and can increase human-flying fox conflict. Australian flying foxes carry and transmit Lyssavirus and Hendra virus.
Spillover into humans and other animal species is more likely in urban settings (Plowright et al., 2011). Limited options for high-
quality alternative habitats following the anomalous bushfire season create a precarious position for gray-headed flying foxes’
recovery from these extreme events.

To fully understand gray-headed flying fox responses to fires, the responses of both roosts and resources to fire severity need
to be included in future work. Fire severity impacts tree mortality (Vivian et al., 2008) and the interval between high severity
fires influences long term survival of tree species and subsequent vegetation composition (Collins, 2020). We showed a range of
fire severities within foraging habitats during the anomalous fire season, but were limited to data from New South Wales and
only during the 2019-2020 fires. Remote sensing methods for quantifying loss of biomass have been developed and could be
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used to quantify fire severity in future studies (Keeley, 2009; Escuin et al., 2008). The flying fox monitoring program provides a
unique dataset to examine impacts on roost occupation and count. Studies examining the foraging activity and movement of
gray-headed flying foxes could provide more detailed data towards understanding population-level responses to fires.

Previous studies have proposed preserving and restoring critical resources to draw flying foxes out of human settlements to
reduce risk of viral transmission (Plowright et al., 2015). Our results suggest the areas of unburned winter habitat near heavily
impacted roosts (blue, Fig. 3c-h) should be immediately protected from land clearing, as these are now lifelines for these roosts.
Long-term efforts to conserve flying foxes should focus on restoring native forests by increasing overall area while limiting
negative edge effects of forest fragmentation by joining existing patches (Bradshaw, 2012; Haddad et al., 2015; Ries et al., 2004).
Monitoring the timing and intensity of resource flowering in response to disturbance (i.e. drought, fire, temperature extremes)
and impacts on nomadic flying fox movements and roost colonization will be essential for informing conservation efforts.
Strategic restoration of native forests can also help mitigate negative impacts of changing fire regimes on a diversity of native
species. Replanting efforts can increase habitat extent and help support the many species dependent on eucalypts for food,
refuge, and breeding sites (Bennett, 2016) as bushfires are expected to become more frequent under climate change.

Australia’s recent large bushfires affected eucalypt forest communities that are resilient to high severity wildfire (Collins,
2020), but long-term persistence of these ecosystems is uncertain if extreme bushfires become more frequent. In southeastern
dry eucalypt forests, vegetation burned by high severity fires is more likely to experience high severity fires in subsequent years
(Barker and Price, 2018). This positive feedback of repeated burning with high severity fires has also been observed in North
America (Van Wagtendonk et al., 2012; Harris and Taylor, 2017), and is thought to be driven by rapid and dense plant growth
after high severity fires that result in high fuel loads. Frequent, severe fires can push ecosystems beyond recovery and to
alternative states, as observed in shifts from tree to shrub in Australian alpine ecosystems (Camac et al., 2017). Additionally, it is
expected that wildfire will encroach on less fire-resilient vegetation communities is expected as increases in extreme drought
dry fuels below critical thresholds within fire refugia (Collins et al., 2019). Habitats containing Melaleuca quinquenervia, a
species typically found in fire refugia, burned in far greater extents in the anomalous fire season compared to the previous focal
fire season (Fig. A.13). We found that 40% of rainforests habitats within foraging ranges of roosts in New South Wales were
burned, although mostly by low and moderate severity fires (Table A.7). Burning in fire refugia is supported by rapid surveys
(Eco Logical Australia, 2020), but more fine-scale evaluation is required and beyond the scope of this study. Postfire climate can
promote recovery or facilitate additional fires that might push these systems beyond resilience (Adams, 2013). Empirical evi-
dence from the US also demonstrates that, with climate change, postfire weather conditions show reduced capacity for forest
recovery (Stevens-Rumann and Morgan, 2019).

5. Conclusion

Using remotely sensed active fire data, we accurately quantified burned areas in the anomalous 2019-2020 bushfire season
in eastern Australia and assessed impacts of fire extent and fire severity on flying fox habitats. This study highlights the fire’s
substantial impact on foraging habitat, particularly winter resources, of gray-headed flying foxes and identifies the most af-
fected roosts, which will be important to monitor in the coming years. Understanding how vegetation and gray-headed flying
foxes respond to extreme fire events will improve our ability to help build resilience into these systems as climate change alters
the frequency and severity of fires in Australia and other ecosystems globally.
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