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How an unprecedented wildfire shaped iy

tree hollow occurrence and abundance—
implications for arboreal fauna

Benjamin Wagner' ®, Patrick J. Baker' and Craig R. Nitschke'

Abstract

Background Tree hollows are an important habitat resource used by arboreal fauna for nesting and denning. Hol-
lows form when trees mature and are exposed to decay and physical damage. In the absence of excavating fauna,
hollow formation can take up to 200 years in Australian temperate Fucalyptus forests, making tree hollows a critical
but slow forming habitat feature. The increasing frequency and severity of wildfires due to climate change has led

to increased concern about the landscape-scale loss of nesting space for arboreal fauna, including endangered spe-
cies such as the folivorous southern greater glider (Petauroides volans). To understand patterns of nesting resource
availability, we assessed drivers of hollow occurrence in southeastern Australian mixed-species Fucalyptus forests

and quantified the effects of an unprecedented large-scale wildfire, the 2019/2020 Black Summer bushfires, on hollow
occurrence and abundance.

Results Tree size and shape, as well as site productivity and topography, were important predictors for hollow
occurrence both before and after the fires. The occurrence of the southern greater glider was strongly dependent
on high proportions of hollow-bearing trees. While high fire severities had a negative impact on southern greater
glider occurrence, the number of hollow-dependent arboreal species was not affected. While the wildfires signifi-
cantly reduced hollow abundance, we did not find significant effects on hollow occurrence. Fires altered the rela-
tionship between tree size and hollow occurrence expressed as a change in the probability of hollow occurrence,
with a higher likelihood at smaller tree sizes after the fires.

Conclusions Our findings suggest that post-fire nesting space may be reduced at the tree-scale, while at the stand-
scale, hollow-bearing trees persist as biological legacies. These persisting trees can support the recovery of hollow-
dependent arboreal fauna, such as the endangered southern greater glider by providing denning and nesting space.
Hollow-bearing trees that survived the fires have the potential to form new hollows faster compared to undisturbed
mature trees.
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Resumen

Antecedentes Las cavidades de los arboles son importantes recursos de habitats usados por la fauna arbérea para
anidar y guarecerse. Estas cavidades se forman cuando los drboles maduran y se exponen al decaimiento y a los
danos fisicos. En ausencia de fauna excavadora, la formacién de cavidades puede tardar hasta 200 afios en Bosques
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templados de eucaliptus en Australia, haciendo que estas cavidades en los drboles sean una caracteristica critica, pero
de formacién lenta del habitat. El incremento en la frecuencia y severidad de los incendios debido al cambio climéatico
ha llevado a un incremento en la preocupacion por la pérdida de espacios de anidamiento a escala de paisaje para

las especies de fauna arbodrea, incluyendo especies en peligro como el folivoro petauro gigante del sur (Petauroides
volans). Para entender los patrones de disponibilidad de recursos de anidamiento, determinamos los factores condu-
centes que permiten la ocurrencia de estas cavidades en bosques mixtos de eucaliptus en el sudeste de Australiay
cuantificamos los efectos de un incendio sin precedentes y de gran escala (el Black Summer Bushfire de 2019/2020),
en la ocurrencia y abundancia de cavidades.

Resultados El tamafio y forma de los drboles, como asi también la productividad de los sitios y la topograffa, fueron
importantes predictores de la ocurrencia de cavidades antes y después de los incendios. La ocurrencia del petauro
gigante del sur fue fuertemente dependiente de una alta proporcion de arboles que tenfan cavidades. Aunque las
altas severidades de los fuegos tuvieron un impacto negativo en la ocurrencia del petauro gigante del sur, el nimero
de especies de habitos arbdreos dependientes de cavidades no fue afectada. Aunque los incendios reducen signifi-
cativamente la abundancia de las cavidades, no encontramos efectos significativos en la ocurrencia de cavidades. Los
incendios alteran la relacién entre el tamafo del rbol y la ocurrencia de cavidades expresada como un cambio en

la probabilidad de ocurrencia de una cavidad, con una alta probabilidad de ocurrencia en arboles de tamafios mas
pequefos luego de los incendios.

Conclusiones Nuestros resultados sugieren que los espacios para anidamiento luego del post-fuego pueden
reducirse en la escala de arbol individual, mientras que, a escala de rodal, los &rboles que contienen cavidades para
anidamiento persisten como legados bioldgicos. Los arboles persistentes en el sistema pueden sostener la recuper-
acion de las especies de fauna arboérea dependientes de estas cavidades, como la especie en peligro petauro gigante
del sur, proveyéndole de espacio para anidamiento y guarida. Los arboles con cavidades que sobrevivieron a los fue-
gos tienen el potencial de formar nuevas cavidades mas rapidamente que aquellos drboles maduros no disturbados.

Background
Tree hollows are among the most important habitat
resources for many vertebrate species inhabiting forests
(Gibbons and Lindenmayer 2002; Mazurek and Ziel-
inski 2004). Hollows are needed for the denning and
nesting of many arboreal species (Bennett et al. 1994;
Gibbons et al. 2002; Koch et al. 2008a). Disturbances
to mature forests from deforestation, land-use change,
timber harvesting, planned fire, or wildfires can reduce
this important resource and cause local extirpations
of arboreal fauna (Diamond 1984; Lindenmayer et al.
2011; Youngentob et al. 2013; McLean et al. 2015). Nat-
ural disturbances such as wildfires are becoming more
frequent, severe, and affect increasingly larger spatial
extents (Collins et al. 2022). These large severe fires
can impact the entire geographic distributions of many
forest-dwelling fauna, as evidenced by the 2019/2020
“Black Summer” megafires in eastern Australia (Ward
et al. 2020). There is now an accelerated need to assess
and quantify the effects of such unprecedented events
on critical habitat resources, such as tree hollows within
forest landscapes, to inform and adapt forest manage-
ment and conservation efforts (Woinarski et al. 2014;
Davey 2018a; DELWP 2019; Geary et al. 2021).

Fauna most vulnerable to large severe landscape-scale
fires are those that occupy specific niches, have special-
ized diets, a limited dispersal capacity, and/or small

home-ranges (Powell 2000; Smith et al. 2007; Shipley
et al. 2009; Bowman et al. 2014b; Davey 2018b). There-
fore, arboreal folivores such as the southeastern Austral-
ian southern greater glider (Petauroides volans, SGG),
are particularly vulnerable to stand- or crown-replacing
disturbances (Kavanagh 2000; McLean et al. 2018). At the
landscape-scale, this places such species among the most
impacted by severe mega-fires (Chia et al. 2016; McLean
et al. 2018; Nolan et al. 2020; Ward et al. 2020). SGGs
have been listed as an endangered species as a result of
the 2019/2020 Black Summer bushfires burning through
large swaths of their geographic range (Ward et al. 2020;
Legge et al. 2021). This development is concerning, as
mega-fires have been increasing in size and severity in
eastern Australia over the last 30 years (Collins et al.
2022).

Complex forested landscapes are typically charac-
terized by multiple habitat features of varying quality
(Lindenmayer et al. 1990b, 1991b; Nitschke et al. 2020).
Hollow-bearing trees, required for denning and nesting,
however, are considered essential for arboreal fauna to be
present (Smith and Lindenmayer 1988; Goldingay 2011).
While specialist arboreal species such as the SGG prefer
sites where climatic conditions are within their narrow
thermoregulatory capacities and that have trees of their
preferred Eucalyptus species with suitable leaf chemis-
try (Ribsamen et al. 1984; Kavanagh and Lambert 1990;
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DeGabriel et al. 2009; Shipley et al. 2009; Youngentob
et al. 2011; Wagner et al. 2020), they also require multi-
ple (generally large) nesting trees within their territories
(Gibbons and Lindenmayer 2002; Smith et al. 2007; Lin-
denmayer et al. 2022). Due to these requirements, SGGs
are predominantly found in forests with cooler and wet-
ter climates, e.g., at high elevations or in riparian areas
at lower elevations (Smith and Smith 2020; Wagner et al.
2020; Lindenmayer et al. 2022). These favorable climatic
conditions facilitate taller mature forests dominated by
Eucalyptus species higher in foliar nitrogen (preferred for
feeding) and abundant hollow-bearing trees (Smith et al.
2007; Koch et al. 2008b; Kearney et al. 2010; Youngentob
et al. 2011; Smith and Smith 2020; Wagner et al. 2020,
2021a). As such, large trees likely to contain hollows
were identified to be essential for SGG occurrence in wet
eucalypt forests (Lindenmayer et al. 1990a, 2022), with an
average of four hollow-bearing trees (HBTs) per hectare
reported as a threshold for occupancy of the species (Lin-
denmayer et al. 1993b; Smith et al. 2007).

The development of hollows in eucalypts is depend-
ent on tree dimensions, form, age and mechanical dis-
turbance (Lindenmayer et al. 1991a, 1993a). Large
diameters, shorter heights, and/or irregular crowns are
important predictors for estimating hollow occurrence
and abundance in individual trees in temperate Aus-
tralian forests (Bennett et al. 1994; Gibbons et al. 2000;
Fox et al. 2009). The indirect nature of hollow formation
is dependent on the aging and senescing of trees and
the absence of cavity excavating fauna means that hol-
low formation can require long time-frames and there-
fore mainly occurs in large, mature trees that have been
exposed to different sources of damage or decay (e.g.,
fire or fungal and termine attacks, Fox et al. 2008; Lin-
denmayer et al. 2017). Formation times of a minimum of
100-200 years for different temperate species of Eucalyp-
tus have been reported (Inions et al. 1989; Gibbons et al.
2000; Gibbons and Lindenmayer 2002). Climate also
plays a role in these processes and can foster faster hol-
low formation in drier parts of the landscape or in certain
forest types (Bennett et al. 1994; Gibbons and Linden-
mayer 2002; Haslem et al. 2012; Woolley et al. 2018).
Wetter climates promote the development of produc-
tive soils that can support large mature trees, more likely
to contain multiple large hollows (Lindenmayer et al.
1990a, 1991a; Bennett et al. 1994; Campbell-Jones et al.
2022). These factors may lead to different patterns in hol-
low availability across landscapes due to the influences
of climate, soils, topography, and disturbances on forest
structure and composition (Turner and Gardner 2015;
Lindenmayer et al. 2016).

Disturbances to landscapes, especially at the scale of
21st century megafires, are assumed to cause a major
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reduction in the number trees with hollows, driven by
the collapse of large trees from fire damage, and there-
fore loss of nesting space for arboreal fauna (Inions et al.
1989; Lindenmayer and Wood 2010; Parnaby et al. 2010;
Banks et al. 2011; Manning et al. 2013; Lefoe et al. 2022;
Lindenmayer et al. 2022). Due to this process, surviving
HBTs are regarded as a key biological legacy (Pulsford
et al. 2016), important for supporting hollow-dependent
species as their populations recover in disturbed forests
(Mazurek and Zielinski 2004; Rainsford et al. 2020). Such
legacy trees are highly vulnerable to additional, short-
interval disturbance such as fires, further reducing hol-
low availability and therefore nesting space for arboreal
fauna (Banks et al. 2011; Lindenmayer et al. 2016; Sal-
mona et al. 2018; Gibbons et al. 2024). The vulnerability
of forests to loss of HBTs in subsequent fires is shaped by
patterns in fire severity. Areas impacted by different fire
intensities will experience different patterns of species
and size-specific tree mortality (Trouvé et al. 2020, 2021).
Lower severity fires may result in tree damage rather
than mortality, which may facilitate hollow development
(Inions et al. 1989; Gibbons et al. 2000; Adkins 2006;
Salmona et al. 2018). This process can facilitate positive
biological legacy effects and reduce population recovery
times of hollow-dependant fauna after disturbance.

One of the main areas of habitat for the endangered
SGG and other hollow-dependent arboreal fauna are the
mixed eucalypt forests of south-eastern Australia. These
areas were severely affected by the 2019/2020 bushfires,
which burnt large areas of the SGG’s range (Ward et al.
2020). Climate has been identified as a major landscape-
scale driver of SGG occurrence in the region (Wagner
et al. 2020) while nutritional quality of Eucalyptus foliage
is an important factor in determining their occurrence
at the stand scale (Youngentob et al. 2011; Wagner et al.
2021b). Tree hollows play a critical role in determin-
ing the likelihood of SGG occupancy at fine scales (Lin-
denmayer et al. 1993b; Nelson et al. 1996; Gibbons et al.
2000; Eyre 2006), in areas that have sufficient foraging
resources and climatic suitability (Wagner et al. 2021b).
Hollows are therefore a limiting factor that shapes SGG
occupancy in space and time. In landscapes impacted by
changing fire regimes (Collins et al. 2022), understand-
ing how fire shapes this critical resource is essential for
determining the ability of the region’s forests to provide
habitat for the SGG, and other arboreal fauna, into the
future.

In this study, we aimed to quantify the major determi-
nants of hollow occurrence in temperate, mature mixed-
species Eucalyptus forests, and examine the effects the
unprecedented 2019/2020 fires have had on hollow avail-
ability. We hypothesize that the occurrence of hollows in
the region is related to tree size, shape, and age as well



Wagner et al. Fire Ecology (2024) 20:42

as forest structure and disturbance history (Gibbons
et al. 2000; Fox et al. 2008; Koch et al. 2008b). To address
these research objectives, we test the ability of hollow-
bearing trees to persist as biological legacies in the study
region and if the likelihood of hollow occurrence in trees
changes due to fire occurrence and severity. Quantifying
major determinants of habitat availability across scales
and how they are affected by disturbance is crucial for
assessing and conserving habitat in a forest landscape
impacted by an unprecedented mega-fire event (Ward
et al. 2020; Geary et al. 2021).

Methods

We used flora and fauna surveys, soil chemistry, spatial
data, and linear models to test independent covariates
to estimate variability in hollow availability before and
after the 2019/2020 Black Summer bushfires, as well as
the impacts of these fires on tree hollow occurrence and
abundance and arboreal fauna richness with a focus on
the southern greater glider (SGG).

Study area

The study was conducted in the mixed Eucalyptus forest
landscape of East Gippsland, Victoria, Australia (Depart-
ment of Agriculture and Water Resources 2018). These
forests occupy ~1.2 million hectares and range from dry
open lowland forest along the coast into the mid-hills
(5-400 m a.s.]) to closed tall forest at high elevation
(~1000-1300 m a.s.l.). The most common eucalypt spe-
cies are Eucalyptus siebieri in the lowlands, E. globoidea
at mid-elevation, and E. viminalis, E. cypellocarpa, and
E. denticulata at high elevations. E. obliqua is the most
common species across the entire elevation gradient,
with E. croajingolensis occurring frequently from mid
to high elevation (Opie et al. 1990; Department of Con-
servation and Natural Resources 1995; Sebire and Fagg
2009; Wagner 2021; Wagner et al. 2021b). Average annual
rainfall and temperature in the study region ranges from
648 to 1178 mm (average for 1981-2020, Stewart et al.
2020b) and 6-15.8 °C (average for 1981-2020, Stewart
and Nitschke 2017b), respectively. Across the study area
and before the megafire event in 2019/2020 (Novem-
ber—February), SGGs were most abundant at eleva-
tions >700 m in cool and wet forests, where their specific
thermoregulatory requirements are met (Henry 1984;
Bennett et al. 1991; van der Ree et al. 2004; Wagner et al.
2020). Forty-seven percent of the study area burned at
high severity in the 2019/2020 Black Summer bushfires,
while 42% burned at low to medium severity. Only~11%
of the study area remained undisturbed following the
fires (DAWE 2021).
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Plot design

Our pre-fire survey plot network was designed to include
a range of dry and wet forest types with Eucalyptus spe-
cies that are utilized by SGGs as a foraging resource, as
well as species that they are known to avoid (Kavanagh
and Lambert 1990; Comport et al. 1996; Cunningham
et al. 2004; Wagner et al. 2021b). Pre-fire study sites
were established across the topographic gradient of the
known distribution of SGGs in the region between 2018
and early 2019. To ensure only mature and undisturbed
forests were captured in the study design, we stratified
the landscape to eliminate forests that had been dis-
turbed by fire or logging in the previous 50 years or
more using publicly available spatial layers on forest fire
and timber harvesting history from the Victorian State
government (https://www.data.vic.gov.au/). Plots were
established at least 5 km away from any previous high
severity fires or previous logging areas to avoid potential
impacts of nearby disturbances on undisturbed forests.
We established 30 plots in three elevation bands: low-
lands (0—420 m), mid-hills (420-840 m), and high eleva-
tion (840-1260 m a.s.l). Within each elevation band, we
established ten plots of varying elevation, aspect, and
slope. In each band, four plots were located in flat or gully
locations, four in mid-slope positions (north- and south-
facing) and two on the ridge, close to the maximum ele-
vation of the respective band (Wagner et al. 2021b, Fig. 1,
Appendix S1: Fig S1). In these 30 pre-fire study sites
ranged in elevation from 32 to 1185 m a.s.l, covering
slopes from 1 to 55% and aspects from 26 to 355°.

In late 2019 and early 2020, the Black Summer bush-
fires burned across this plot network, affecting 18/30
plots at varying fire severity. The fires provided a unique
opportunity to study changes in forest structure and
nesting space for arboreal fauna, specifically for the now
endangered SGG. We re-surveyed at all burnt pre-fire
sites (n=18, and three unburnt sites that were initially
mapped as having burnt) between September 2021 and
May 2022 and established 19 additional sites in areas of
varying fire severity, where collaborators from the Arthur
Rylah Institute for Environmental Research (Heidelberg,
Victoria) carried out surveys for SGGs between March
and July 2020, immediately after the fires. The total
number of pre- and post-fire sites was therefore 49; the
post-fire site pool was 40 sites assessed for forest struc-
ture. Due to the heterogenous nature of fire impacts (i.e.,
fine-scale variation in fire intensity, see Price and Brad-
stock 2012; Tiribelli et al. 2019) we used a transect-based
survey design for our post-fire surveys. At each post-fire
site, we established a 500-m transect. The entire length of
the transect was used for spotlighting surveys (see details
below), while the 200 m of transect were used to establish
a set of ten survey plots to assess forest structure using
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Fig. 1 Map of the study region in East Gippsland, eastern Victoria, Australia, showing elevation gradient, pre-fire plot positions (n=30) and fire
severity at all sites (n=49). All pre-fire sites surrounded with a square indicating a fire severity were resampled (n=18). Any squares color-coded
by fire severity without a pre-fire point contained within, are new post-fire sites (n=19)

a point-centered quarter method (Appendix S1: Fig. S2).
Our additional post-fire sites (#=19) ranged in elevation
from 681 to 1207 m a.s.l. Slopes of the new sites ranged
from 3 to 24% and aspects from 0 to 350°.

Assessing forest structure

In the pre-fire surveys, each plot center location was
recorded using a handheld GPS. At the center of each
survey plot, we recorded site attributes (elevation, slope,
aspect, crown cover and basal area of dominant tree
species), then established a variable radius plot using a
Kramer’s dendrometer with a basal area factor (BAF)
of four. This ensured the sampling would capture large,
mature, and dominant trees that form the canopy, and
which are the preferred nesting and feeding habitat by
SGGs. For each tree in the variable radius plot sample, we
recorded the species, diameter at breast height (DBH),
height, crown width (north-south and east-west axis),
foliage cover, vigor (health status in categories), age class,
structural layer the tree belonged to, and the occurrence,
number, size, and type of tree hollows using binoculars
(for details on variables, see Appendix S2: Table S1).

For post-fire surveys, we used a point-centered-
quarter plot design (PCQM, see, e.g., Mitchell 2010)
to better capture the impacts of locally variable fire
severity on forest structure. Along 200 m of the 500-m

spotlighting transect, we established a survey plot every
20 m, starting at 10 m to avoid edge effects from the road
(Appendix S1: Fig. S2). If a site was established where
pre-fire measurements were conducted, the transect was
laid out to lead through the pre-fire plot. Individual plot
locations were marked during transect setup and reflec-
tive flagging tape was tied to vegetation on eye level to
guide later spotlighting surveys at night. At the center of
each 200-m PCQM transect, we recorded the location
using a handheld GPS and noted elevation (using the
GPS), slope, and aspect (using compass and clinometer)
of the site, as well as average canopy crown cover (using
a crown densiometer). At each PCQM plot, we located
the closest canopy tree in the first plot quarter, which is
the quarter bordered by the transect on the left and the
second, perpendicular line on the right. Plot quarters 2, 3
and 4 were in clockwise direction from quarter 1. In each
quarter, we measured the distance and bearing to the
closest tree and its diameter. Trees had to have a diam-
eter at breast height (DBH at 1.3 m) greater than 5 cm to
be included. We measured height and crown widths on
the north-south and east-west axis from three individuals
per tree species along the PCQM transect. We assessed
hollow occurrence, number and size class and noted the
structural layer the tree belonged to, as well as age class
and if it was reproductive or not. A total of 40 trees per
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PCQM transect were measured (four per plot). Dead
trees were measured separately from alive trees if they
were closer than the closest alive tree. Dead trees were
assessed for DBH, height and hollows only.

Soil sample collection

Soil samples were collected to a depth of 10 cm from 30
locations within each pre-fire survey plot, and from one
sample per PCQM plot during post-fire surveys (ten
locations) using a tube corer. One composite sample per
plot was sealed in an individual air-tight bag, cooled, and
transported to the laboratory for drying and subsequent
chemical analyses.

Wildlife surveys

To determine occurrence of SGGs and other noctur-
nal fauna, spotlighting surveys on 1-km transects on
forest roads proximate to the plot center were carried
out at pre-fire sites and on 500-m transects (including
the 200-m PCQM transect) at post-fire sites. The sur-
vey method was altered for post-fire sites to take recent
research into account and align with state-level recom-
mendations on survey design and effort for arboreal
fauna (Chick et al. 2020; Cripps et al. 2021). The post-
fire survey design was aligned with another project led
by the Arthur Rylah Institute, carried out in different
parts of the 2019/2020 fire footprint to assess post-fire
SGG abundance in Victoria (DELWP 2022). As the dif-
ferent sampling efforts of either survey method may lead
to variability in detectability or abundance estimates,
we used pre- and post-fire occurrence (i.e., presence/
absence of observed species, including the targeted SGQG)
and richness (no. of observed species) for this study. All
surveys were carried out using double observer distance
sampling to increase likelihood of detection (Wintle et al.
2005; Cripps et al. 2021) with an average pace of 10 min
per 100 m and two observers walking 10 min apart.
Observers scanned tree canopies for eyeshine reflection
using strong torchlights. Any detected animal’s location
was recorded using a handheld GPS alongside its dis-
tance from the transect and bearing to the animal. Fur-
ther observation data of the tree species on which the
animal was observed, height on the tree, animal behavior,
fur color and time of observation were noted. Any spot-
lighting transects with one or more detected SGGs were
considered occupied for the purpose of this study. Dur-
ing post-fire spotlighting surveys, we resurveyed at all 30
pre-fire site locations, including those that had not burnt
in 2019/2020. One post-fire site could not be surveyed
due to access issues and adverse weather conditions
(leading to n =48 spotlighting surveys).
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Sample and data processing, variable selection,

and modeling

Chemical analyses

Soil samples were dried at room temperature, sieved to
pass a 2-mm screen, composited by plot (pre-fire), or
transect (post-fire), and analyzed for soil nutrients. The
following soil chemical properties were derived: soil pH
(CaCl,), nitrate nitrogen (NO; in mg/g), phosphorous (P
in mg/g), potassium (K in mg/g), total nitrogen (soil N
in percent) and total carbon (C in percent). Soil N and C
were derived using dry combustion, while other elements
were determined colorimetrically or via spectroscopy fol-
lowing standard laboratory procedures.

Spatial variables

In addition to structural variables, fauna survey records,
and soil chemical values, we collated spatial variables
related to climate and topography as covariates for hol-
low occurrence modeling. These had previously been
identified as important for determining SGG habitat
suitability at the landscape scale (see Wagner et al. 2020)
and include the Annual Heat Moisture Index (AHMI),
number of days with condensation events (1981-2020),
the Terrain Wetness Index (TWI), and Normalized Dif-
ference Vegetation Index (NDVI) along with further
topographic variables such as slope and aspect in raster
format (Table 1). AHMI and condensation days were cal-
culated using daily weather data developed by Stewart
and Nitschke (2017b) from MODIS satellite imagery at
a 250-m grid resolution. Temperature and precipitation
were extracted using site locations and averaged for the
~40-year period 1981-2020 (span of available data) to
derive AHMI as a measure of site-level aridity (Stewart
and Nitschke 2017a, 2018; Stewart et al. 2020b). Daily
condensation as a measure of water availability to for-
aging folivores was calculated using saturation vapor
pressure at minimum temperature of the day and vapor
pressure at 9:00 AM (Stewart and Nitschke 2018; Stewart
et al. 2020a; Wagner et al. 2020) and was tallied for each
site. Topographic variables (slope, aspect) were sourced
from the 30-m resolution digital elevation model from
the shuttle radar topography mission (SRTM, Farr et al.
2007) and TWI subsequently calculated following Beven
and Kirkby (1979). NDVI at survey date was sourced
from Landsat imagery at a 30-m resolution through the
USGS data portal Glovis (Landsat Collection 2 surface
reflectance products—glovis.usgs.gov). For a compari-
son between pre- and post-fire hollow occurrence and
the effects of the 2019/2020 bushfire on nesting space
and arboreal species richness and SGG occurrence, we
included modeled fire severity from Victorian govern-
ment data (McCarthy et al. 2017). Given the lowest
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Table 1 Model groups and uncorrelated variable candidates used for tree hollow modeling

Group Variable Description
Structural Height Tree height in meters
DBH Tree diameters at 1.3 m above ground in cm
volume Tree volume from DBH + height (H):w
Crown area Crown area in m? from crown widths
Health category Categorical variable describing tree health (Appendix S2: Table S1)
Age class Categorical variable describing tree age (Appendix S2: Table S1)
Structural layer Categorical variable defining the structural layer a tree belonged to (see Appendix S2: Table S1)
Site-level Slope Slope of site in percent
Aspect Aspect of site in degrees
Soil type Soil type according to Australian soil classification
AHMI Annual heat moisture index: AHMI = (MAT + 10)/(MAP /1000 (Wang et al. 2006)
TWI Terrain wetness index (Beven and Kirkby 1979)
NDVI Normalized difference vegetation index
Condensation days Number of days with condensation according to Stewart et al. (2020a); Wagner et al. (2020)
No. of forest fires Number of fires a site received since 1980
Fire severity Modeled fire severity of the 2019/2020 bushfire footprint
Nutrients Soil pH Soil pH (CaCl2)

Soil total nitrogen
Soil total carbon
Soil nitrate nitrogen
Soil phosphorous

Soil potassium

Total soil carbon in %

Total soil nitrogen in %

Soil nitrate nitrogen (NOs) in mg/kg
Soil phosphorous (P) levels in mg/kg
Soil potassium (K) levels in mg/kg

resolution was 250 m (MODIS-derived climate variables),
we aggregated higher resolution Landsat data to the same
resolution by cell value averaging. The plot- and transect
center location were used to extract raster cell values. In
cases where a location fell near or on the border between
multiple cells, cell values were averaged for extraction.
All spatial data processing and value extraction was car-
ried out in R (R Core Development Team 2022) with the
packages sf'and raster (Pebesma 2018; Hijmans 2019).

Quantifying the effects of tree size, forest structure and fire
on hollow occurrence and arboreal species observed

To enable a robust comparison of hollow availability
between pre- and post-fire forest survey methods we cal-
culated the proportion of hollow-bearing trees (HBTs)
across all trees per site. We also considered large hollow-
bearing trees (LHBTs) with diameters>100 cm sepa-
rately, as these are more likely to have developed larger
hollows, fit for the nesting requirements of SGGs (Lin-
denmayer et al. 1991¢; Gibbons et al. 2002; Campbell-
Jones et al. 2022). We analyzed pairwise differences
between hollow abundance, tree characteristics and for-
est structure between elevational bands (pre- and post-
fire), sites occupied or unoccupied by SGG (pre- and
post-fire) and fire severity (post-fire).

For structural data (e.g., hollow-bearing tree diameters,
heights and crown area) we log-transformed the response
variable to ensure homogeneity of variance, as raw data
was right-skewed, and then evaluated relation using F
and p statistics from one- and two-way analysis of vari-
ance (ANOVA) and Tukey Honest Significant Differences
(HSD) tests. Data distribution was assessed visually using
histograms. For testing differences between proportions
of hollow-bearing trees, we used generalized linear mod-
els (GLMs) with a quasibinomial error distribution and
assessed p statistic, estimates and confidence intervals.
We tested the influence of fire severity on hollow occur-
rence and abundance with generalized linear mixed mod-
els (GLMMs) on tree-level data and evaluated model
estimates to determine effects and direction of relation-
ships. We integrated a random effect for the interaction
between site (transect) and plot to account for the nested
post-fire sampling design (PCQM). Here, we assumed
that the effect of the random intercept for plots is nested
within the random intercept for transects. This accounts
for cluster effects where observations (trees) within the
same cluster (transect) are more similar to each other
than to other clusters. A binomial error distribution was
used for occurrence (presence or absence data) and Pois-
son distribution for abundance (count data). The Poisson
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distribution was determined to be a better fit, as tests for
overdispersion and likelihood ratio were non-significant.
We also used binomial GLMMs to assess the probability
of hollow occurrence as a function of tree diameter meas-
ured during pre- and post-fire surveys, to test if the prob-
ability of hollow occurrence by tree size differed before
and after the fires. To account for the sampling methods,
we used plot as a random effect for pre-fire data, and the
interaction between sites (transect) and plot for post-fire
data. These models were then used to predict the prob-
ability of hollow occurrence to the range of tree diame-
ters observed before- and after the fires. Finally, we used
GLMMs to test for effects of the proportion of HBTS or
LHBTS and elevation (pre- and post-fire), as well as fires
severity (post-fire only) on the occurrence of SGGs and
the number of arboreal species observed during spot-
lighting surveys. Given differences in species detections
per observer (Appendix S2: Table S2) and to account for
site heterogeneity affecting detectability of spotlighting
surveys, we included the interaction between observer
and site as a random effect (Kéry et al. 2009; Camp et al.
2023).

Modeling hollow occurrence

We used a multi-step modeling procedure to determine
meaningful predictors for tree-level hollow occurrence
(presence or absence of hollows) before and after the
fires and created a combined model for drivers of hollow
occurrence using a combined dataset of pre- and post-
fire trees. We first split all available modeling variables
into structural, site level (including disturbances), and
nutrient groups (Table 1). Within these groups we first
tested for intercorrelation between variables. We reduced
the number of initial predictor variables in each group by
removing pairs with Pearson’s correlation coefficient r >
|0.8]. All variable candidates were then standardized to a
mean of zero and standard deviation of one. We evalu-
ated alternative binomial GLMs with all uncorrelated
variables per group as predictors and hollow occurrence
as the response variable. Using every possible variable
combination in separate models, we identified the best
variable combinations based on the lowest Akaike Infor-
mation Criterion (AIC) values and AAIC <2 (Anderson
and Burnham 2004; Appendix S3). The predictor vari-
ables from the best models of each variable group were
then used in combined models of pre- and post-fire hol-
low occurrence that drew the best performing variables
from each group. Best models were determined using
AIC, model R?, and best variables identified by their vari-
able significance (p). Finally, we pooled pre- and post-fire
trees into a combined dataset to derive important pre-
dictors of hollow occurrence across the landscape using
GLMMs. We used a factorial variable indicating the
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sampling campaign as a random effect to account for
differences in sampling methods. Further, we used a fac-
torial variable indicating whether a tree was burned or
unburnt when sampled, to test if the disturbance played
role in hollow occurrence when pooled with other impor-
tant predictors. We included all important variables from
both final models. All statistical analyses were conducted
in R (R Core Development Team 2022) with the packages
MuMlIn, lme4, and caret (Bates et al. 2015; Barton 2019;
Wing et al. 2019).

Results

During pre-fire surveys, we measured a total of 463 indi-
vidual eucalypt trees from 17 species; 206 trees had at
least one hollow. Common and dominant canopy species
included Eucalyptus consideniana, E. globoidea, and E.
sieberi at low elevation, E. obliqua, E. cypellocarpa, and
E. fastigata in the mid-elevation sites, and E. corajingo-
lensis and E. denticulata at high elevation. We recorded
239 individual animal observations during night-time
spotlighting surveys across all sites, including 44 south-
ern greater gliders (SGGs), which were found at nine
sites. SGGs occurred with the highest frequency and
density in high elevation sites, where they were found at
six of the ten sites surveyed (Appendix S2: Table S3).

Across all 40 post-fire sites, we measured 1529 indi-
vidual Eucalyptus trees from 19 species; 427 trees had
at least one hollow. Out of the 40 post-fire survey sites,
four were found to be unburnt even though fire severity
mapping suggested otherwise, 17 sites burned at low to
medium severity, and 19 burned at high severity (high
canopy scorch or burn). Twelve sites from the pre-fire
site pool were unburnt, two burned at low severity and
16 at high severity (see Appendix S2: Table S4 for details
on all post-fire sites). We found that the diameter distri-
butions from both survey campaigns were similar (DBH
ranges pre-fire: 8—303 cm, post-fire: 5-262 cm, Fig. 2),
despite different survey methodologies being used during
pre- and post-fire surveys.

We recorded 228 animal observations during post-
fire spotlighting surveys, including 62 SGGs. They were
observed at 19/48 sites including at 15/40 of the post-
fire sites. Post-fire, SGGs were predominantly observed
at sites that had burnt at low to medium severity (nine
sites). We observed SGGs at four sites affected by canopy
scorch (and none at sites that were affected by canopy
consumption - the highest fire severity class). During
post-fire surveys, we observed SGGs at 7/30 sites from
the initial pre-fire sampled sites. Five sites were unburnt
and two burned at high severity. The two sites that had
SGG observations before, but not after the fire, were
burnt at high severity (Appendix S2: Table S2).
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Pre-fire, soil nitrogen (N) ranged from 0.08 to 0.76%
and soil carbon (C) from 2.8 to 14.3%. Post-fire soil
chemistry values for N and C ranged from 0.08 to 0.97%
and 2.32 to 16.23%, respectively. Pre-fire soil phospho-
rus (P) concentrations were between 1 and 20 mg/g and
potassium (K) between 46 and 452 mg/g, while post-
fire nutrient concentrations were 3-78 mg/g for P and
38-647 mg/g for K. We did not find any significant differ-
ences in soil chemistry with fire severity in post-fire sites
or between pre- and post-fire measures at the 18 sites
survey pre and post fire. The concentrations of soil chem-
ical elements however increased significantly with eleva-
tion both pre- and post-fire (e.g., F=41.46, p <0.0001 for
N pre-fire).

Tree hollow incidence and characteristics
of hollow-bearing trees
Before the fires, the average proportion of hollow-bear-
ing trees was 29% (+ 12%) at low elevation, 38% (+ 15%) at
mid- and 47% (+22%) at high elevation. After the fires we
observed lower proportions across the elevational gradi-
ent and along a gradient of fire severity (Table 2). There
was a significant difference between the proportions
of hollow bearing trees with elevation before the fires
(F=2.8, p=0.0025) as well as after the fires (F=10.36,
p=0.03) and a significant difference in proportion of hol-
low bearing trees with fire severity (F=2.7, p=0.002).
Across all measured pre-fire HBTs, the average diam-
eter at breast height (DBH) was 129 cm (+65.3 cm),
height was 33.8 m (£13 m), and crown area was 161
m? (£115.2 m?). Mean HBT sizes varied with eleva-
tion, with the largest HBTs occurring at high eleva-
tion (4@ HBT DBH=147 cm+60 cm). DBH of HBTs
differed significantly between elevation bands (F=33.15,
p<0.0001), with the largest difference between mid- and
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low elevation (Tukey HSD test p<0.0001). Pre-fire HBT
tree height and crown area differed significantly between
elevation bands (F=22.49, p<0.0001 and F=43.42,
p<0.0001, respectively; Appendix S1: Fig. S3).

Post-fire HBTs were smaller in DBH (84 ¢m +40.8 cm),
height (32.5 m+11 m), and crown area (105 m?*+106.2
m?). HBT sizes in fire affected sites varied with eleva-
tion and it was observed that there were fewer large
HBTs and more HBTs with smaller diameters across the
elevational gradient, compared to pre-fire sites that had
burned (Fig. 2). There was a significant difference in post-
fire HBT diameter between elevation bands (F=12.96,
p<0.0001), as well as tree height (F=9.38, p<0.0001),
and crown area (F=7.5, p<0.0001). Post-fire HBT sizes
varied with fire severity, with the smallest HBT diam-
eters recorded in the highest fire severity class (@ HBT
DBH=64.8 cm*16.7 cm, Appendix S1: Fig. S4). These
results are however biased by the fact that low elevation
sites had trees with smaller DBHs and were predomi-
nantly affected by fires burning at the highest severity
(Fig. 1 and Appendix S2: Table S4) and that, due to the
extent of the 2019/2020 bushfires, we sampled numeri-
cally more mid- and high elevation sites during post-fire
surveys (Fig. 1 and Appendix S1: Fig. S5). HBT DBH
(F=8.57, p<0.0001), height (F=4.416, p=0.002), and
crown area (F=6.52, p<0.0001) all differed significantly
with fire severity, with increasing fire severity reduc-
ing these attributes. Differences in crown area with fire
severity were driven by an abrupt change between low to
medium and high fire severity classes (e.g., Tukey HSD
test p=0.003), while the significant difference in tree
height (highest green branch in fire affected trees) was
driven by differences between high canopy scorch and
canopy burn and canopy scorch and low severity burns
(Tukey HSD tests p=0.05 and p=0.001, respectively).

Table 2 Average proportions and standard deviations of HBTs and LHBTs (DBH > 100 cm) to all trees measured in different elevation
bands in unburnt sites (pre-fire surveys) and by fire severity (post-fire surveys). The second to last column is the average proportion of

LHBTs to all HBTs

Elevation band Fire severity Mean prop. of SD (%) Mean prop. of SD (%) Mean prop. SD (%)
HBTs (%) LHBTs (%) LHBTs to HBTs
(%)

Low elevation Pre-fire 287 11.8 57 6.7 265 337
Low 250 - (one site only) 0.0 - (one site only) 0.0 - (one site only)
High 20.0 9.9 2.1 29 16.6 293

Mid elevation Pre-fire 38.1 15.6 314 16.5 79.3 221
Low 225 14.1 5.0 7.1 40.0 56.6
High 12.5 59 6.0 43 45.8 30.2

High elevation Pre-fire 46.8 223 359 23.1 77.1 249
Low 33.0 124 7.3 54 27.0 26.6
High 375 18.0 15.0 9.0 54.2 457
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Fig. 2 Observed diameter distributions separated by hollow-bearing and non-hollow-bearing trees from burnt sites (n=18) distinguished
by elevational band measured before (A) and after the 2019/2020 bushfires (B)

Fire effects on hollow occurrence and abundance

For tree-level post-fire survey data, we found significant
effects of fire severity on hollow occurrence (i.e., prob-
ability of a tree having a hollow) and hollow abundance
(number of hollows per tree) using generalized linear
mixed models (GLMMs). The highest fire severities had
a significant negative impact on hollow occurrence, but
low and medium severity classes did not (Fig. 3A). Hol-
low abundance was significantly affected by fire severity
with varying effects. Low to medium fire severity had a
positive effect on hollow abundance, while both high
severity classes resulted in a reduction in hollow abun-
dance (Fig. 3B).

When testing if tree diameter distributions (all trees
combined and HBTs only) differed before and after the
fires, we found that both were significantly larger dur-
ing pre-fire surveys (estimate=38.69+2.2 and esti-
mate=45.1+4.3, p<0.0001, respectively), indicating
that post-fire sites had fewer large trees and large HBTSs
and that HBTs across sites were smaller after the fires
(Fig. 2). Using GLMMs for hollow occurrence versus
tree DBH which took the hierarchical sampling design of
pre- and post-fire tree-level survey data into account, we
found that the probability of hollow occurrence by tree
diameter increased by up to 40% for trees between 100

and 150 cm DBH (Fig. 4A). Combined pre- and post-
fire models both indicated an increase in likelihood of
hollow occurrence with DBH according to model esti-
mates (0.03+0.003, p<0.0001 and 0.07 £ 0.006, p<0.001,
respectively). The 100% likelihood of hollow occurrence
shifted from ~300 cm to ~150 cm in DBH after the fires
(Fig. 4A). Changes in the probability of hollow occur-
rence by tree size varied across the sampled elevation
gradient and the impacts of fire on the probability of hol-
low occurrence based on DBH increased with elevation
band. The greatest increase in probability was observed
for trees with a DBH ~75 cm in the lowlands, ~115 ¢cm at
mid-, and ~105 cm at high elevation. There was an over-
all trend for a higher probability of hollow occurrence in
trees with DBH > 50 cm (except at mid elevation, Fig. 4B).

Models of tree-level hollow occurrence

Pre- and post-fire hollow occurrence modeling identified
that tree size, tree canopy class, soil nutrition and soil
moisture were important predictors of hollow occurrence
across the landscape in both datasets (Appendix S3).

The best pre-fire model indicated that hollow occur-
rence was best explained by tree volume, age class,
structural layer, TWI, and soil nitrogen (N) in pre-fire
mature forests (Appendix S1: Fig. S6A-E, Appendix S2:
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between 0 and 300 cm after the fires (B). The 95% confidence interval for both combined mixed models was [0.02, 0.03]

Table S5). Post-fire, crown area and soil pH emerged as
important predictors a (Appendix S2: Table S5). The
best post-fire model of hollow occurrence contained
age class, crown area, structural layer, soil pH and
total nitrogen (Appendix S1: Fig. S6F-]J, Appendix S2:
Table S5).

The combined tree dataset model (data from both
survey campaigns: n=308 burnt trees and n=489
unburnt trees) identified that age class, structural layer,
volume, and TWI were highly significant, while crown
area was also significant but with a small effect size
(Table 3). The strongest effects based on standardized
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Table 3 Model results for hollow occurrence using a combined
tree dataset from both survey campaigns

Variable Est 95% Cl p-value
(Intercept) -29 —6.6,0.68 0.11
Age class 0.90 045,13 <0.001
Structural layer -044 —0.92,004 0.073
Soil nitrogen -20 —3.1,-082 <0.001
Soil pH —-042 -1.1,027 0.2
Crown area 0.003 0.00,0.01 0.022
Tree volume 0.13 0.09,0.18 <0.001
TWI 0.36 0.13,0.59 0.002
Burnt/unburnt 0.14 —034,062 0.6

Est standardized estimate, C/ confidence interval

parameter estimates were observed for soil nitro-
gen, age class and TWI. Structural layer, soil pH, and
whether a tree had burned or not were not significant
but improved overall model performance (Table 3).

Arboreal fauna occurrence in relation to hollow occurrence
and fire

Hollow-dependent arboreal fauna observed during pre-
and post-fire spotlighting surveys, in addition to the
SGG, included common- and mountain brush-tailed
possums (Trichosurus vulpecula and T. cunninghami),
eastern ring-tailed possums (Pseudocheirus peregrinus),
Krefft's and yellow-bellied gliders (Petaurus notatus
and P australis), as well as southern boobook, pow-
erful, and sooty owls (Ninox boobook, N. strenua, and
Tyto tenebricosa, respectively). The maximum number
of arboreal species observed was seven during pre-fire
surveys (at a low elevation site) and five during post-fire
surveys (at a high elevation site burnt at low severity,
Appendix S2: Tables S2 and S3).

Both pre- and post-fire, a higher proportion of HBTs
per site had significant positive effects on SGG occur-
rence (p<0.05 pre-fire and p<0.01 post-fire). The pro-
portion of LHBTs did not significantly differ during
pre-fire surveys but had a significant positive effect
on SGG occurrence post-fire (p<0.01). No significant
effects of proportion of HBTs or LHBTs on the number
of hollow-dependent arboreal species observed were
detected. SGG occurrence increased with elevation
in both pre- and post-fire surveys (both p<0.01) and
was negatively affected by increasing fire severity (p =
0.05). A positive effect of elevation on the number of
arboreal species was observed pre-fire (p=0.05); how-
ever, there was no significant effect of elevation or fire
severity on the number of arboreal species observed
post- fire.
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Discussion
Across the study landscape, tree-level hollow occurrence,
before and after the fires, was significantly related to tree
size, topographic wetness, and soil nitrogen. We found
tree size to be a strong predictor for hollow occurrence
across all models tested. Tree size, shape, and diameter
have previously been identified as good predictors of hol-
low occurrence and abundance in Eucalyptus forests due
to the monotonic relationship between tree size and the
occurrence of hollows (Lindenmayer et al. 1990a, 1993a;
Bennett et al. 1994). Of significance is the finding that
2019/2020 megafire has altered the relationship between
hollow occurrence and tree size in the study area. In post-
fire forests, we found that the probability of a tree having
a hollow increased in smaller trees. The 75% threshold
for occurrence dropped from 150 cm diameter at breast
height (DBH) to 100 cm DBH across all post-fire plots.
This shift was greatest in trees located at higher elevation
(Fig. 4). There was an ordered increase in the magnitude
of the shift in the DBH x hollow occurrence relationship
with elevation. HBTs at low elevation exhibited the small-
est shift in the relationship followed by mid-elevation
trees and then high elevation trees. The greater shift in
hollow occurrence by DBH with increasing elevation is
likely due to the impact of the aridity gradient associated
with elevation (Wagner et al. 2020). There is a significant
relationship between tree diameter growth in eucalypts
and aridity (Bowman et al. 2014a), which means that
trees growing in the more arid low elevation areas of the
landscape will grow slower than in the cooler and wet-
ter sites at higher elevation. Hollow-bearing trees (HBTs)
of the same age will therefore have different diameters.
This is supported by Koch et al. (2008b), who found that
hollow formation in dry and wet eucalypts occurred over
same time scale (~100—140 years) while productivity dif-
ferences meant that DBHs of HBTs in wet forest were
larger than in dry forest. The influence of productivity
on the tree size versus age dynamic is supported by the
impact of soil nitrogen on hollow occurrence in our hol-
low occurrence models (Table 3). Trees growing on more
nitrogen poor sites will have a higher probability of hav-
ing a hollow for a given size as they are likely to be older
than a tree of similar size on nitrogen rich soils. This is
supported by Forrester et al. (2007) who found that euca-
lypt growth increased with increasing nitrogen availabil-
ity. Fire appears to facilitate the formation of hollows in
larger but younger trees along the productivity gradient
of the study area. This suggests that fires interact with site
productivity and tree age to influence HBT occurrence in
forest landscapes over time and space.

When testing important variables influencing hol-
low occurrence pre- and post-fire, TWI was lost as a
significant predictor post-fire (Appendix S2: Table S5)
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indicating that the 2019/2020 fires may have over-
rode the influence of topography on hollow occurrence
in trees. The 2019/2020 fires were the most severe on
record and were preceded by severe drought (Nolan
et al. 2020). The interaction between drought and fire
severity were found to reduce the probability of topo-
graphic refugia occurring in areas burnt under extreme
fire weather conditions by Collins et al. (2019). Where
topographic mediation of fire spread is lost, large HBTSs
growing in wetter areas of the landscape are subject to
crown consumption and scorch leading to a reduction in
crown area. In both the post-fire hollow occurrence and
combined models, the loss of crown area had a signifi-
cant negative impact on HBT occurrence. Crown area in
post-fire stands represents the impacts of fire intensity
experienced and the variable is therefore likely captur-
ing the impacts of fire severity that was significant in the
group variable selection stage but not in the final model
(see Appendix S3).

The varying effects of fire severity on hollow occur-
rence and abundance are an important finding for under-
standing how fires shape the patterns of HBTs and the
processes that influence their demography. A negative
effect was detected in areas impacted by the highest
severity fire class which had a lower hollow proportion of
HBTs and trees had a lower probability of hollow occur-
rence. Conversely, in areas that experienced lower sever-
ity fires we observed an increase in hollow abundance
(Fig. 3). This potential positive effect of fire on the devel-
opment of tree hollows in eucalypts has been reported
previously (McLean et al. 2015) and the mechanisms
behind the observed hollow development from mechani-
cal damage (e.g., directly through fire or falling limbs and
trees as a result of fire damage to nearby trees) are well
documented (Lindenmayer et al. 1991a, 1993a; Fox et al.
2008). The number of hollow-bearing trees, however, did
not differ significantly across areas impacted by differ-
ent fire severities and unburnt forests. This may indicate
that while high severity fires have a negative influence on
the number of tree hollows, a reduction in the number
of HBTs may not occur. It suggests that nesting space
maybe reduced at the tree-scale in severely burnt forests;
however, at the stand-scale, HBTs may persist as biologi-
cal legacies that should support the recovery of arboreal
marsupials and other hollow-dependent fauna. These
surviving, potentially damaged, HBTs are also likely to
form new hollows faster than would develop in non-
HBTs, as they are already at an age where the processes
of internal decay are advanced (Inions et al. 1989).

Our findings that fire damage may substitute the loss
of mature, old, and potentially senescing HBTs by fos-
tering hollow formation in younger or smaller trees has
important implications for future hollow availability
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and therefore post-disturbance development of arbo-
real fauna habitat. The negative effects of disturbances
on nesting space and therefore loss of a crucial habitat
resource for arboreal fauna were important considera-
tions made after the 2019/20 Black Summer bushfires
(Ward et al. 2020; Geary et al. 2021). Without denning
and nesting space, a population of hollow-dependent
fauna, such as the southern greater glider (SGG), cannot
persist or re-establish (Goldingay 2011), even if an area
is otherwise suitable through the availability of favorable
foraging resources (Youngentob et al. 2011; Wagner et al.
2021b) or climate (Wagner et al. 2020). This is evidenced
in our findings that SGG occurrence was significantly
linked to HBT and LHBT occurrence before and after the
fires. During our post-fire surveys, we did not observe
SGGs in forests burnt at highest fire severity; how-
ever, the 2019/20 fires created a mosaic of fire severities
across eastern Victoria. Forests that remained unburnt
or burned at lower severities now border forests that had
their canopies burned or consumed (Appendix S1: Fig.
S5), and local SGG populations lost. Our findings suggest
that SGGs were able to survive in forests affected by low
to medium severity fires (eight out of 13 low to medium
fire severity sites had SGGs present). Evidence, presented
here, that fire damage may have led to hollow formation
in smaller trees in forests affected by low to moderate fire
severity, shows that these forests may still offer the cru-
cial nesting potential needed for arboreal folivores like
the SGG to recolonize these impacted habitats from less-
or undisturbed surrounding areas as the forests recover
(Berry et al. 2015; Campbell-Jones et al. 2022). Even if the
newly developed hollows are initially too small to sup-
port large arboreal species (Hofman et al. 2022), they
form an important stepping stone in the process of rede-
veloping suitable habitat for species such as SGGs, as the
disturbed forests recover and trees and hollows mature.
Additionally, these fire-affected forests already support
a number of other (smaller) hollow-dependent fauna,
which we observed more frequently and homogenously
across elevations and forest types both before and after
the fires and which is supported by our findings of a non-
significant effect of fire or hollow occurrence and on the
total number of arboreal species observed (Appendix S2:
Table S3).

With hollow-bearing trees persisting across the
post-fire landscape, foliar chemistry and eucalypt spe-
cies composition of recovering forest will likely play a
major role in the recolonisation potential of severely
burned forests for SGGs at the stand level (Au et al.
2019). Climatic conditions continue to be important
in shaping SGG habitat suitability at the landscape
scale and important refugia have been identified and
remained partially undisturbed during the 2019/2020
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megafires (Wagner et al. 2020). Future research should
therefore investigate the foliage quality of recovering
forests, to determine if (or how soon after fire dis-
turbances) they are suitable for foraging by hollow-
dependent Eucalyptus folivores.

Limitations and future research

The extent and severity of the 2019/2020 Black Sum-
mer bushfires came as a surprise to many researchers
and experts (Collins et al. 2021; Legge et al. 2021), but
offered a unique opportunity to study the effects of large
and severe fires on forest ecosystems at a landscape
scale and attempt to compare with pre-fire conditions
(Ward et al. 2020). While many studies have been car-
ried out before the fires, not all of them were set up to
be repeated in case a large-scale disturbance occurred,
including the study at hand. Further, funding and
monitoring requirements had changed over time and,
alternative study designs were required to survey for a
broader set of variables to quantify the fire impacts, or
post-fire surveys had to align with other programs to
enhance research and conservation outcomes. As such,
our two survey campaigns did not provide an ideal data-
set to directly compare impacts and we had to resort to
a more descriptive or generalized approach for many
of our analyses. The extent and spatial configuration of
the 2019/2020 fires (Appendix S1: Fig. S5) also lead to
a potential sampling bias towards mid- to higher eleva-
tion sites. Our approach to account for imperfect detec-
tion assumes that the variation in detection probabilities
among sites can be adequately captured by random
effects and may overlook ecological factors influencing
detection (Lindenmayer et al. 2001; Wintle et al. 2005;
Cripps et al. 2021). While our approach may be a robust
way to account for unobserved heterogeneity in detec-
tion probabilities among sites and between observers
(Kéry et al. 2009; Camp et al. 2023) and can account for
spatial autocorrelation and temporal variation in our
surveys, occupancy models would be better suited to
overcome imperfect detection and variation in survey
effort. Unfortunately, due to the application of different
survey designs pre- and post-fire and small sample sizes
for wildlife surveys (30 pre and 40 post-fire, with one
survey per site and two observers) occupancy modeling
would have likely not yielded robust results (Mackenzie
and Royle 2005; MacKenzie et al. 2017). Future studies
into the effects of fire on arboreal fauna habitat should
therefore consider a dedicated before-after control-
impact (BACI) design to allow appropriate and ongoing
monitoring. This should be an important consideration
for researchers and land managers in an age of increas-
ingly common mega-fires (Kelly et al. 2023).
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Conclusion

We assessed mature, mixed-species Eucalyptus for-
ests in East Gippsland, Victoria, to better understand
the factors controlling a key stand-scale habitat fea-
ture for arboreal fauna - hollow-bearing tree occur-
rence — and how this important resource was affected
by the 2019/20 Australian megafires. Before the fires,
mixed-species forests had an abundance of hollows
across all elevations and associated forest types. Hol-
low occurrence and abundance did not decrease in
forests affected by low to medium fire severities, but
forests burnt at high severity had fewer hollows, while
the number of hollow-bearing trees remained sta-
ble. Furthermore, we found that the fires changed the
probability of hollow occurrence with a higher likeli-
hood at smaller tree sizes across elevation bands. Our
observations provide hope that fire-affected forests may
continue to provide nesting space and therefore criti-
cal habitat as they recover from devastating landscape-
scale bushfires. This knowledge provides a useful tool
for making forest management and conservation deci-
sions for the endangered southern greater glider and
associated arboreal fauna in the region but emphasizes
the need to establish long-term monitoring and to bet-
ter understand the impacts of fire to and the recovery
process of key foraging resources for folivores in mixed
species eucalypt forests.
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